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Executive Summary 

This final report, extensive and comprehensive in nature, documents t,e accomplishments-an& -2. - ~ . . ~ 

contributions of the work performed under DOE contract number DE-SC02-95CE41122 from 
October 1995 to June 2001. The work was administered and performed at Brigham Young 
University and The Ford Motor Company Glass Division (subsequently Visteon), was the 
industrial partner. The objectives of this study were to (1) obtain detailed measurements in the 
combustion space of an operating industrial furnace, (2) create an advanced furnace model and use 
the experimentalmeasurements to evaluate the model, and (3) apply the model to other technologies 
of interest, such as oxygen-firing and staged combustion. In terms of organization, Section 2 will 
summarize the experimental work results, including measurements before and after the Ford 
furnace rebuild of local gas temperature, gas composition, gas velocity, radiant heat flux,and glass 
surface temperature. Section 3 includes results from the modeling effort. The modeling work was 
initially focused on the combustion space only. In that context, modeling of a port module was first 
done, followed by two adjacent port modules, and eventually the numerical simulation of a full 
combustionchamber. Given the sensitivity of the combustion space modeling results to several of 
the assumed boundary conditions, the modeling work was then extended to a fully coupled model, 
simulating the combustion space, the glass tank,and the batch melting processes. All of these 
modeling results wiU be reported in Section 3, including an extensive comparison of the model 
predictions with the experimental data. Finally, Section 4 will report on the technology transfer 
accomplishments of the project. Section 5 summarizes the work and draws several conclusions 
regarding the effort. 

. .= . -c 
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1. INTRODUCTIONAND OBJECTIVES -

The optimum design of industrial furnaces has become increasingly important from both 
environmentaland economic standpoints. The competing requirements of high efficiency and low 
emissions are certainly present with glass furnaces. 

Glass furnace design is relying increasingly on three-dimensional, numerical modeling of both the 
combustion space and the glass melt tank to help achieve these requirements. Thisgrowing reliance _. -
is demonstrated by a large number of recent publications on the subject (B&rstoel et d.,1994, 
1995;Carvalho, 1983;Carvalho and Lockwood, 1985, 1990; Carvalho and Nogueira, 1994, 1995% 
1995b; Carvalho et d,1987, 1988, 1990, 1992, 1995a, 1995b, 1996, 1997a, 1997b. 1997c; Chen 
and Goodson, 1980; Gosman et d,1980, 1982, 1995; Hill et d.,2000; Mase and Oda, 1980; 
McConnell and Goodson, 1979; Megahed, 1978; Novak, 1980; Post, 1988; Semiiio, 1986; Wang, 
1998;Wang et ul., 1997%1997b, 1997c, 1998b, 1999a, 1999b,2000a, 2000b). . _ _ --

Unfortunately, the evaluation of numerical glass furnace models is limited by the lack of practical - .- ~ . 


furnace data (Cassiano et uZ., 1994; Farmer et d.,1992; Victor et d.,1991; Costa et d,1996). 

Detailed profile measurements of gas composition, heat flux, gas temperature, gas velocity, fl____
_ _ _ _

- - - _--__ - - -
temperature, and glass surface temperature in the combustion space are needed to demonstrate the 
modeling technologiesand bring them to a state of development where they can be used confidently 
for furnace design. The objectives of this study were to (1) obtain detailed measurements in the 
combustion space of an operating industrial furnace, (2) create an advanced furnace model and use 
the experimentalmeasurements to evaluate the model, and (3)apply the model to other technologies 
of interest, such asoxygen-firing and staged combustion. 

- .  

In thisdocument we will report extensively on the main accomplishments and contributions of the 
worked funded by DOE under contract number DE-SC02-95CE41122. In terms of organization, 
Section 2 will summarize the experimental work results, including measurements before and after 
the Ford furnace rebuild. Section 3 includes results from the modeling effort. The modeling work 
wasinitially focusedon the combustion space only. In that context, modeling of a port module was 
first done, followedby two adjacent port modules, and eventually the numerical simulation of a full 
combustionchamber. Given the sensitivity of the combustion space modeling results to several of 
the assumed boundary conditions, the modeling work was then extended to include a coupled 
model, simulating the combustion space, the glass tank,and the batch in an iterative and coupled 
fashion. All of these modeling results will be reported in Section 3, including an extensive 
comparison of the model predictions with the experimental data. Finally, Section 4 will report on 
the technology transfer accomplishmentsof the project. 

2. EXPERIMENTS 

The experimentaleffort was an important part of this study, providing important experimental data 
to be used for validation of the numerical models as well as improved understanding of the complex 
thermal phenomena in glass furnaces. Variables measured in this study included local gas 
temperature, gas composition, gas velocity, wall incident heat flux, and glass surface temperature. 
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These measurements were obtained in several tests in the Ford glass plant in Tulsa, OK. A 
summary of the main findings of this experimentaleffort is presented in this section of the report.
Limited measurements of gas temperature and composition and wall incident radiant heat flux 
through six observation ports in the wall of an end-port, oil-fired, regenerative, container-glass 
furnace were reported by Cassiano et d. (1994). Two operating conditions were tested to 
investigatethe effects of throughput and &/fuel ratio. The cyclic operation and three-dimensional 
nature of the furnace were categorized, but no time-resolved information was given and detailed 
profile measurementsin the combustion space were not obtained. The results of this study became 
the basis for a new furnace control scheme developed by Farmer et d.(1992) and Victor er d. 
(1991). Similarmeasurementswere reported by Costa, er d.(1996) in a similar furnace. 

In the present study, both pre- and post-rebuild measurements were obtained in an industrial-scale, 
flat glass furnace. Prior to rebuild, the crown of the furnace was core-drilled to provide access for 
detailed profile measurements of velocity, temperature, and species concentration (0,, CO, and 
CO,), wall incident radiative heat flux,and glass surface temperature in the combustion space. 
Similar measurements were also made in the portnecks both before and after rebuild. The 

f 	 measurements have provided the most complete set of practical evaluation data for glass furnace 
modeling available. 

z 2.1 Pre-Rebuild Combustion Space Measurements 

The timing of this study agreed very well with the rebuilding schedule of one of the Ford furnaces 
in Tulsa, OK. This allowed us to make measurements before the furnace was taken apart 
(measurements reported in this section of the report) and after the furnace was rebuilt 
(measurements reported in Section 2.2). In order to avoid unnecessary repetition, all the 
informationcommon to both studies, such as furnace description, applicable instrumentation, etc., is . presented only in this section of the report 

2.1.1 Furnace Description 

A schematicof a side-port, 550-ton/day, gas-fired, flat-glass furnace is shown in Figure 1. It was 
approximately 2.6 m high from the glass line to the maximum height of the crown, 11.0 m wide, 
and 21.5 m long. Regenerators were located on the north and south sides of the furnace. A set of 
six portnecks approximately2.9 m long connected each regenerator to the furnace. Figure 2 shows 
top and side views of a typical portneck. At the regenerator opening, each portneck was nominally 
1.2 m wide and 1.3 m high. At the furnace inlet, the height of each portneck narrowed to 0.6 m and 
the width expanded to 1.7 m. Each portneck had two 4.4-cmdiameter pipe burners of proprietary 
design located 81.3cm from the edge of the furnace and 43.2 cm above the glass line. The burners 
were angled so that their centerlinesintersected at the edge of the furnace. Other geometric details 
were reported elsewhere (Newbold, 1997;Newbold et aL, 1997;McQuay et aL, 2000). 

The furnace operating cycle consisted of a fifteen-minute bum from the north portnecks with 
exhaust through the south (N-S firing direction), a reversal period (approximately 20 sec) during 
which no firing occurred, followed by fifteen minutes in the opposite direction (S-N firing 
direction), and another reversal period. Each portneck was built with one 2.54-cm-diameter access 
hole on top, located 1.7 m from the breast wall. Six 10.2-cm-diameterholes were core-drilled in the 

- _ _  
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figure 2. Schematicshowing top and side views of port 3 in the furnace. 
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crownover the centerline of portneck 3 to provide additional access for the measurements. These 
holes were located at 1.1, 2.3, 3.4, 4.4, 5.3, and 7.6 m from the-pomeckyfimd~umhered 1 
through 6, respectively, as shown in Figure 1. They were used for vertical insertion of probes into 
the combustion space. Hole 5, located 5.3 m from the portneck wall, was locatedjust slightly off 
the crown centerline. Holes 3 and 6 were located equidistant from, and on opposite sides of the 
crowncenterlineand were used to evaluate flame symmetryrelative to bum reversal. 

Furnace operating conditions before and after rebuild are shown in Table 1. The most notable 
effect of the rebuild was the 17% decrease in fuel consumption. The fuel composition was obtained 
from the natural gas company. The percent excess air was calculated from the total fuel and air 
flowrates that were metered by the plant. The total fuel flowrate was the sum of individually 
metered flowrates for each port. The overall air flowrate was obtained using differential pressure - _-_-- -
measurements across a large orifice. The port-by-port equivalence ratios were determined by 
integrating measured portneck velocity data (weighted by density evaluated at the measured inlet 
temperature) over the portneck cross-sectionalarea taken from blueprints for the furnace in its new 
condition. Deposition of particulate makr  in portnecks over the lifetime of a furnace will reduce 
the cross-sectional area from the design value; photographs of the aging portneck just prior to 
rebuild revealed that the area used in the flowrate calculation may be too high by as much as 15%. 
The portneck velocity field was assumed to be horizontally uniform in this air flowrate calculation. 
The optical temperature measurements were made through an access hole in the side of the 
regenerator coincidingwith port 4. These measurements were made during the approximate 30-sec 
intervalbetween flame reversals when no flame was present. 

2.1.2 Instrumentation 

The small access holes on the portnecks prevented the use of conventional,L-shaped Pitot tubes for 
measuring gas velocity. Therefore, a special, straight, stainless steel Pitot tube was designed. The 
instnunent consisted of a 22.2-mm-o.d., 3-m-long, water-cooled, annular tubewith two 3.2-mm-0.d. 
tubes running lengthwise through the probe to pressure taps at the end of the probe. The pressure 
taps were located 5.1 cm from the end of the probe (two probe diameters) and spaced 
circumferentially70 degrees apart. The pressure taps were connected to a lightweight, differential 
pressure transducer. This transducerproduced voltage proportional to the diierential pressure; the 
voltage was measured by a hand-held voltmeter capable of averaging the incoming signal. The 
signal was sampled long enough (typically one minute) to obtain a hue representation of the 
average. 

Since the probe was not of conventional design, it was calibrated against a standard Pitot tube and 
manometer in a wind tunnel. The flow in the wind tunnel was varied through a pressure differential 
range of 0 to 75 Pa, corresponding to pressure differencesanticipated in the furnace. The pressure 
differenceand correspondingvoltage output were recorded for both the standard Pitot tube and the 
probe. From the measured voltage and pressure differentials, a linear calibration curve was 
determined for the probe. Velocity measurements at the same location and conditions were 
repeatable to *lo%. Uncertainty in the mean velocities was estimated to be 210% in the primary 
flamejet near the glass, but it may be significantly higher in the recirculation zone near the crown 
where reversing flow and low velocities were found. Repeated velocity profiles made at port 3 on 
different days were identical to within +5%. 
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Combustiongases were sampled by drawing them through a water-cooled, stainless steel collection 
probe using a four-head suction pump. The probe was made of a 22.2-mm-o.d., 3-m-long annular 
tube with a 9.5-mm suction tube on the inside. The gases were rapidly quenched upon being drawn 
into the tube due to the high water cooling rate in the surrounding annulus. The gases were 
analyzed in real-time with a NOVA 301-BD for CO,, Land Combustion 5500/6500 units for 0, 
and CO, and a North American Enviromate for duplicate 0, and CO measurements. The NOVA 
instrumentused an infrared absorption technique, while the Land Combustion and North American 
unitshad electrochemicalcells. All analyzerswere calibratedrepeatedly using gas standards for 0,, 
CO,, and CO. The reported accuracies were M.05% for 0,. M.3% for CO,, and +4% and *lo0 
ppm for CO measurementsgreater than and less than 2000 ppm, respectively. Good agreement was 
observed throughout the tests in the duplicate measurements. Response times for species 
measurements were estimated for the sample train used in the tests to be less than 2 minutes for 
COzand 15 seconds for other species. Repeatabiiity of species concentrations measurements was 
*5%. 

Gas temperature was measured using a conventional, triply shielded, water-cooled, suction 
pyrometer. The pyrometer consisted of a 63-mm-o.d., 4-m-long, water-cooled annular tube with a 
27-mm-o.d., 18-cm-long, triple-walled, alumina radiation shield affixed to the end. Gas suction was 
provided with a venturi pump attached to a 2.54-cm-diameter pressure line at 550 kPa. The 
thermocouplevoltage was measured with a Type-S, cold-junction compensator and amplifier using 
a hand-held voltmeter. A ninth-order polynomial was used to describe the thermocouple 
temperature as a function of the voltage output. The accuracy of the pyrometer was reported to be 
*8 K. Temperature measurements were made approximately 2.3 m from where concentration 
measurements were made in the portnecks. By angling the suction pyrometer up and down, 
measurements were possible at several locations over a vertical distance of approximately 0.5 m 
across the exhaust area. All measurements were within 8 K of each other, suggesting that the flow 
of combustionproducts in the exhaust portnecks was nearly isothermal. Further information may 
be found elsewhere (Newbold et d.,1997;Butler and Webb, 1991;Butler, 1992). 

A hemispherical, ellipsoidal radiometer was used to characterize incident radiant heat flux on the 
crown. A schematic is shown in Figure 3. The radiometer consisted of a stainless steel, water-
cooled jacket,43 mm in diameter and 0.65 m long, encasing an inner signal wire tube with the 
detector head mounted in one end, and cooling water and signal lead connections at the opposite 
end. The radiometer was also equipped with a purge gas tube that allowed for a flow of dry 
nitrogen to exit the ellipsoidal cavity at the detector face to prevent fouling of the ellipsoidal 
reflective surface by particulate or condensation during use. The ellipsoidal detector head was 
designed to measure the total hemisphericalradiant heat flux over the full infiared spectrum incident 
at the detectorface. The ellipsoidal radiometer was calibrated to &% accuracy up to approximately 
300 kW/m*; above this range the manufacturer indicated that the linear calibration curve could be 
extrapolated,but that the extrapolated value might be low. The ellipsoidal radiometer required 2-3 
minutes to come up to temperature after insertion into the furnace. After reaching this level, the 
detector had a faster response to incrementd changes in heat flux, nominally 30-60 seconds. This 
instrument was therefore most useful for collecting time-averaged data, and only capable of 
measuring time-resolved trends over several minutes or more. 

. 
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Figure 3. 	 Schematic of the ellipsoidal hemispherical radiometer used for crown incident radiant 
heat flux measurements. 
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When performing the measurements, water-cooling and purge gas flows were established prior to 
positioningthe instrumentdetector face inside the combustion space. The probe was then inserted 
through each of the crown access holes with the instrument n o d  to the glass surface, and the 
steady-state voltage output was recorded. The ellipsoidal cavity was inspected between 
measurementsto ensure that the mirror was not fouled and to determine if the purge gas flow was 
adequate. 

2.1.3 Steady-StateMeasurements 

The horizontal componentof gas velocity along the centerline of portneck 3 is shown in Figure 4. 
The figure shows two vector plots constructedfrom the Pitot tube measurements. Figure 4a shows-
velocities when the burners are firing in the S-Ndirection, and 3b shows velocities in the N-S 
direction. For the N-Sdirection, the location of the core-drilled holes permitted study of the root 
and central portions of the flame jet The tail of the flame was studied in the S-Nconfiguration. 
The plots show data for holes 2 through 6. After limited probing (temperature data only), the 
c e d c  plug used to seal hole 1 fused with the crown refractory, preventing further access to the 
combustion space through thishole. 

The highest velocities in the flame jet seen in Figure 4 are near the glass surface. Here the 
magnitudes of the axial velocity component exceeded 20 ds. The portneck was vectored 
downward approximately 16 degrees, directing the aidfuel jet onto the glass surface. As the flame 
moved across the combustion space, the velocity immediately increasedfrom the portneck exit value 
of approximately 11ds to a maximum, then decreased. This rapid increase in velocity followed by 
a decrease was due to ignition followed by heat loss. 

A large recirculation zone is evident in the upper portion of the furnace for both firing directions. 
Reverse flow velocities in this region were found to reach magnitudes as high as 3.5 ds.While it 
is difficult to clearly identify the zero-velocity streamline separating the flame jet and the relatively 
stagnantrecirculation zone, the data suggest that the reverse flow occupied a region approximately 
within the crown arc. As will be shown later, the recirculation zone had an impact on both species 
concentrationsand temperature. 

Figure 5 shows the measured temperature profiles in holes 1 and 2 in the combustion space for 
both firing configurations. Temperature data were obtained only in holes 1 and 2 because i )  high 
heat fluxes to the large-diameter suction pyrometer prohibited probing in the high-temperature 
region of the flame jet due to cooling water constraints, and ii) at the temperatures encountered in 
hole 2, the ceramic radiation shields softened and collapsed, eventually fusing together. 
Furthermore, the measured temperaturesapproached the service ceiling of Type-S thermocouples of 
2050 K.Temperatures below 0.5 m from the glass line were not measured in hole 1 due to early 
uncertainty in positioning the suction pyrometer relative to the glass melt in this hole. 

The temperaturein hole 1 for the N-Sfiring configuration (in the region near the root of the flame) 
was 400 K above the inlet temperature of the combustion air (1420 K). The two burners, which 
were recessed approximately 80 cm inside the portneck, were angled such that the geometric
intersection of their normal centerlines occurred at the edge of the portneck. However, the 
momentum of the inlet combustion air caused the flame to converge further out in the combustion 
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Figure 4. 	 Contour plots of gas velocity in the combustion space of the furnace: (a) S-N firing
configuration;and @) N-S firing configuration. 
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Figure5 	 Gas temperature profiles for access holes 1 and 2 in the combustion space of the 
furnace for N-Sand S-Nfiring configurations. 
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space. Despite this, ignition was observed visually to occur inside and near the sidewalls of the 
portneck. The rapid rise in temperature from the portneck exit to the location of hole 1 is indicative 
of rapid mixing and reaction. 

The temperatures in the upper part of the furnace were higher in hole 1 than in hole 2 for the N-S 
configuration, while the reverse was true in the lower part of the furnace. The high temperatures 
near the crown for hole 1 were due to shear-induced entrainment of reacting (and hence, hot) 
combustion products from the root of the flame below. Wisps of luminous flame were observed 
being ‘torn’ offnear the top edge of the flamejet and dragged back toward the portneck exit. This 
observation was consistent with the trend measured in hole 1. Lower temperatures observed in the .-
upper furnace for hole 2 (approximately 60-70 K lower than for hole 1) were probably due to 
recirculation of cooler gases originatingfrom near the tail of the flame, as seen in Figure 4. 

The temperature profiles for holes 1 and 2 in the N-S firing mode exhibited a crossover at 
approximately 0.75 m from the glass line, with temperatures in hole 2 exceeding those in hole 1. 
Indeed, the temperature in hole 2 increased from 1850 K at a location 0.4 m above the glass line to 
nearly 2000 K at a location 0.2 m above the glass line. This was the region of most intense reaction 
in the flamejet, with strong temperaturegradients. 

The temperature data for the S-N firing configuration seen in Figure 5 reveal relatively flat 
temperatureprofiles for both holes 1 and 2, with some indication of a slight decrease in temperature 
near the glass line. In thiscase, holes 1 and 2 were located in the tail of the flame. Near the glass 
line, the oxygen was nearly depleted. The temperatures decreased with proximity to the melt due to 
heat transfer to the glass. Note that the temperature in hole 2 was higher (1910 K) than in hole 1 
(1850 IC). In the S-N configuration,hole 1 was downstream of hole 2, and both were just upstream 
of the portneck exit. The drop in temperature from hoIe 2 to hole 1 was therefore due to heat 
transfer by radiation and convection to the crown and glass melt. The local maximum in the vertical 
temperatureprofile near an elevation of 1.2 m inboth holes 1 and 2 suggests heat transfer from the 
combustion products to both the crown above and the glass below. 

Measured concentrationsof O,,CO, and CO, for the N-S firing configuration are shown in Figure 
6. At any given hole, the trend of decreasing0, concentration from the top of the crown to the glass 
surface was observed, consistent withmore intense reaction and oxygen consumption in the flame 
jet directed along the glass melt. In general, as the axial distance from the inlet portneck increased, 
the concentration of oxygen decreased. The highest 0, concentrations were seen in hole 2 and the 
lowest in hole 6. The oxygen in the combustion airwas consumed by reaction with the natural gas 
from the root of the flame (hole 2) to its tail (hole 6). Note the radical drop in 0, concentration 
from the nominal atmosphericvalue of 21%to a peak of 9%in hole 2, only 2 m from the inlet port, 
suggesting that there was considerablereaction upstream of hole 2. 

Low concentrationsof 0, can be seen near the glass surface for all of the holes in Figure 6a. Since 
the flamejet was directed downwardby the portneck geometry, the reaction occurred most intensely 
near the glass surface, where the temperatures were-highest. It is here that the oxygen was depleted 
fist. The 0, concentrations appeared to peak approximately one meter above the glass surface. 
This location correspondedto the boundary of the recirculation zone at the top of the flamejet. 
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Profiles of oxygen concentrationbelow thispoint (in the reacting flame jet) showed relatively large 
gradients, while those above (in the recirculation zone) were quite flat. . -. -

Profiles of measured CO concentration are illustrated in Figure 6b. The highest concentrations 
were near the glass surface inside the flame, reaching values exceeding 4% (40,000 ppm). The 
levels dropped quickly with increasing elevation in the furnace to the boundary of the recirculation 
zone (approximately 1 m) and then flattened. In general, CO concentration increased with 
increasing axial distance along the flame. The highest levels of CO were also seen in hole 6. The 
equilibrium concentration of CO at the adiabatic flame temperature corresponding to the 
stoichiometryof port 3 was less than 300 ppm. Hence, evidence of incomplete combustion was 
seen even in the tail of the flame (hole 6). This is not surprising, since the estimated airhe1 
residence time in the furnace (based on measured portneck inlet and flame jet velocities in the 
combustion space) was less than 1 second. The fuellair mixture had inadequate time to mix and 
react prior to exiting the furnace. This was further confirmed by measurements of CO at the exit 
portneck. Further, visual observations of the exhaust flow (downstream of the exhaust portneck) 
revealed luminous flame extending well into the regenerator. 

The CO, profiles also showed a variation in concentration in Figure 6c,though not as dramatic as 
the CO and 0,. In general, the CO, concentration was lowest near the root of the flame (hole 2) 
and increased with axial position along the flame length, consistent with the progress of the 
combustion reactions. Higher CO, concentrations were observed in the upper region of the furnace 
where reaction was more nearly complete in the recirculation zone. Again, strong concentration 
gradients were evident in the flame jet with relatively little variation in the recirculation zone above. 
The maximum magnitude of CO, concentrationwas nearly 12% which is considerably higher than 
expected from equilibrium calculations for the flame stoichiometry. Nearly half of the CO, 
generated in glass furnaces comes from the chemical reactions in the glass itself. This explains the 
higher-than-expected concentrationsseen in Figure 6c. 

The concentrationof gases for the S-Nfiring configurationis shown in Figure 7. The 0,, CO, and 
CO, concentrationsare shown in Figures 7a, 7b, and 7c, respectively. In the S-Nburning mode the 
access holes lay in the tail of the flame. Thus, the oxygen concentrations were much lower than 
those values seen in Figure 6. Atso, the vertical gradient in 0, concentration was much less 
pronounced than those observed in Figure 6a. A general decrease in 0, concentration was 
observed with distance along the flame jet axis, with magnitudes in hole 6 approximately 3% and 
those at hole 2 below 0.5%. It is interesting to note that even though port 3 was fired with 4 = 0.66. 
the oxygen along the centerline approximately 2 m upstream of the exhaust portneck was nearly 
depleted. It should be noted that 0, concentrations in the portneck are considerably higher, 
suggestingthat there was bypassof oxygen-richflow that ultimately entered the exhaust portneck. 

The high CO concentrationsin Figure 7b show that combustionwas incomplete. The lowest levels 
of CO in this figure are seen in the profiles of port 6 and the highest in port 2. Comparing these 
data with those of Figure 6b reveals that CO concentrations increased progressively in the furnace 
from the root of the flamejet to the tail. As in Figure 6b, the highest concentrations occurred near 
the glass surface where incompletecombustion was most prevalent. Further, the CO concentrations 
decreased with height. 
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The concentrationsof CO, shown in Figure 7c exhibit the same qualitative vertical profile variation 
as those shown in Figure 6c. As with the CO, the magnitude of CO,increased from the root-of the 
flamejet to the tail; the effluentsexiting the furnace show CO, concentrationsexceeded 12%. 

Local incident radiant heat fluxes were measured in holes 2 through 6 in the crown, and are shown 
graphically in Figure 8 for both firing configurations. The data show that the incident radiant heat 
flux was nearly invariant abross the crown at a level of approximately 680 kW/mz and independent 
of firing direction. The only variation occurred near the north portneck where the incident flux is 
slightly higher for the S-N burning mode (exhaust), and slightly lower for the N-S firing 
configuration(inlet). The magnitude of incidentradiative flux was extremely high, and corresponds 
to emission from a black surface at 1850K. As shown in Table 1,the furnace wall temperature was 
measured between burn cycles to be approximately 1900 K. Thus, while the crown radiatively 
viewed the walls, the flame, and the cooler glass surface, the flame and walls dominated the incident 
heat flux. An energy balance for the probes used in this study based on cooling water flowrates, 
inlet and outlet cooling water temperatures, and estimatedradiative properties for the exposed probe 
walls indicated excellent agreement (within 2%) with the measured incident radiative fluxes just 
presented. 

2.1.4 Transient Measurements 

Measurementswere made in portneck 3 to assess the temporal variation of combustion parameters 
over the 15-minutebum cycle both for inlet and exhaust flow conditions. These were not truly 
instantaneousmeasurements due to the limiting time response of the instnunentation, probe suction, 
and other factors; the response time of the temperature measurement was approximately 4-5 
minutes, the CO, required 2-3 minutes, and the 0, and CO measurements responded in 
approximately30 seconds. These measurementsdid, however, yield information with regard to the 
variation in combustion-relevantparametersover the period of a typical bum cycle. The results of 
the transient measurementsare shown in Figure 9. 

The velocity dependence in Figure 9a showed little variation with time at portneck 3 for both the N­
S and S-Nbum configurations. Velocity measurements inside the furnace (hole 6, 1.5 m from the 
glass line) revealed little temporal variation as well. The transient gas concentration in the effluent 
can be seen in Figure 9b. In this plot burn-cycle reversal begins at approximately 4 minutes and 
ends at 19 minutes. Within this time frame the 0, and CO, concentrations reach a steady-state 
value rather quickly. The CO concentration, however, shows a dramatic rise initially, with a 30% 
drop to a near-stable value approximately 4-5 minutes into the burn cycIe. The initial rise was 
perhaps due to incompletecombustionearly in the cycle while a steady flow was established in the 
furnace. 

Transient temperaturesmeasured in the portneck were affected the most by the slow time response 
of the suction pyrometer. The measured temperatures at port 3 during the inlet and exhaust (N-S 
and S-Nfiring directions, respectively) phases of the cycle are shown in Figure 9c. Note that the 
exhaust temperature was nearly invariant over the cycle. However, the inlet combustion air 
decreased in temperatureby perhaps as much as 150 K over the cycle. Again, these data can only 
be viewed qualitatively,but they illustrate the efficiency of the regenerator in recovering heat from 
the exhaust. 
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Figure 9. 	 Timedependent furnace and portneck measurements: (a) velocity, (b) species 
concentration, and (c) temperature. 
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2.1.5 Symmeby Evaluation 

Holes 3 and 6 were located equidistant from the crown centerline on opposite sides. These two 
holes allowed for a limited evaluation of symmetry in the combustion process in the furnace by 
comparing N-Sfiring information at one hole (either hole 3 or 6) to the same information collected 
for S-Nfiring configuration at the other hole. These comparisons were possible both in the region 
near the root of the flame as well as the flame tail and were made for the data collected in these two 
holes for both firing configurations(the information already presented in Figures 4,6 and 7,and 8 
on gas velocity, species concentration, and wall incident radik.int heat fluxes, respectively) and are 
discussed here qualitatively. CO, 0,, and CO, concentrations averaged over the measured profile 
are shown in Table 2 for the N-Sand S-Nburn configurations where holes 3 and 6 lay in the root 
and tail of the flame, respectively. 

Radiant heat flux and gas velocity were the variables that displayedthe highest degree of symmetry. 
As presented in Figure 8, heat flux values were nearly constant along the port centerline. Maximum 
variation in gas velocity at a given location both in the flame root or the flame tail were less than 5% 
at the region of large positive velocities in the flame jet In the recirculation zone, the deviations 
were larger, but the qualitative trend indicates a high degree of symmetry. CO, concentrations __ 
displayed symmetry near the root of the flame for all the locations where measurements were made 
above the glass line. Although similar trends were observed in the flame jet region near the flame 
tail, deviations increasedto a maximumof 12% in the recirculation zone. The average concentration 
shows good symmetry (Table 2). Finally, 0, and CO measurementsdisplayed moderate symmetry 
only in the flame jet region near the root of the flame. Elsewhere, deviations were quite large, 
particularly in the recirculation zone both in the root and tailof the flame. This is evident in the 
profile averagesshown in Table 2. 

2.2 Pre- and Post-Rebuild Comparison: Inlet and Exhaust 

In this section the measurements performed after the furnace rebuild are reported and compared to 
those made before the furnace rebuild (Section 2.1). Whenever appropriate, additional information 
will be provided for the unique measurements that were performed only after the furnace was 
rebuilt, such as glass surface temperature, etc. In order to avoid unnecessary repetition, the reader is 
referred back to Section 2.1 for a description of the instrumentation common to both test 

- campaigns. 

A typical goal for the campaign life of a flat-glassfurnace is ten years. Two main factors dictate the 
life of the tank refractory corrosioderosion, and plugged checkers (regenerator). The most severe 
erosion usually occurs at the glass line. The refractory is eroded by the movement of the molten 
glass and by reactions with the high temperature (1900+ K) atmosphere, which chemically attacks 
the refractory (mainly at the crown, where less expensive refractory materials are typically used). 
The checkers provide the air preheat required for energy efficiency. Over time,the exit flow of the 
combustion products through the checkers creates deposits. Although the checkers can be burned 
out and cleaned, they eventuallybecome soplugged in regions that they severely restrict the flow 

.-

- .  _ _  __ 
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Flame region Hole co (ppm) 0, (9%) CO,(%) 
_. 

Tail of the flame: Hole 3 (S-Nbum) 10,730 0.5 11.5 

Hole 6 (N-Sburn) 9,290 1.7 11.3 

Root of the flame: Hole 3 (N-Sburn) 9,480 4.5 9.7 

Hole 6 (S-N bum) 15,240 2.6 9.1 
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and distribution of the combustion air or they cave in, which further unbalances the pressure drop 
throughout the regenerator. This can result in large fluctuations of the &/fuel ratio. Thus, when a 
glass-melting tank has deteriorated to the point at which it is not safe or cost-efficient to operate, it 
must be rebuilt. 

A typical furnace rebuild entails complete removal of all the refnctory (walls, crown, and floor) of 
the melting tank and regenerators. Only the steel structural skeleton of the glass melt tank and 
regenerators remains. Then the glass melting tank,regenerators, and portnecks are formed using 
thousands of refractory bricks measuring 305-457 mm thick. Inside the regenerators, the checkers 
are packed to provide the required combustion air preheat with minimal pressure drop. Piping, fans, 
motors, wiring, sensors, and controls are all checked, repaired, replaced, or upgraded. 

During a rebuild, the geometry of the portnecks and melt tank can also be altered to improve 
performance (he-tune the furnace design). Usually these changes are not drastic because the 
tremendous cost associated with a rebuild (up to US$lOO million) limits the changes (risks) 
companiesare willing to take. Typical changesinclude minor variations in the size and shape of the 
portnecks, radius and height of the crown, etc. 

The obvious effects of a rebuild are to restore the furnace to its design performance. At the end of a 
campaign, the flow and distribution of combustion air can vary significantly from the original 
because of plugged checkers and eroded and depositedportnecks. Portnecks carry the combustion 
air to the furnace and combustion products from the furnace. The mixing of the gas and 
combustion air depends on the flow field and turbulence created by the regenerator and portneck 
design. Therefore, from the combustion viewpobt, a rebuild restores the flow and distribution of 
combustion air through the checkers and portnecks to mix with the gas (at the desired 
stoichiometry) and provide the desired heat fluxes and energy efficiency. This paper reports 
measurements taken at stable operating conditions that yield acceptable glass quality both before 
and after a furnace rebuild. Since the rebuild restores the furnace to its design condition, the 
operating conditions before and after rebuild are usually different. The plant-controlled furnace 
operating conditions (fuel and air flowrates, erc.) and the measured furnace performance 
characteristicsreported here illustrate the impact of rebuild on furnaceperformance. 

The objectivehere was to compare, for the first time, the effect of furnace rebuild on the combustion 
performance of an industrial-scale furnace. Measurements taken in the portnecks of the side-port, 
550-ton/day, gas-fired, flat-glass furnace described in the previous section are compared with the 
similar measurements made in the same furnace after rebuilding. The conditions at which 
measurements were taken coincide with “normal” furnace operation (at which quality glass was 
produced) both before and after the rebuild, rather than an attempt to reproduce identical operating 
conditions. This more clearly illustrates the impact of furnace rebuild on furnace operation. The 
information obtained includes profiles of velocity, species concenttation (O,,CO, and COJ, and 
gas temperaturein the access ports located in the six portnecks. 

2.2.1 Gas Composition 

The measured exhaust gas concentrations in the portneckscan be seen in Figures 10, 11,and 12 for 
the concentrations of Oz, CO, and COz, respectively. Note also that the measurements after the 
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Figure 10. 	 Comparison of portneck 0, concentration profiles for S-N firing configuration 
(exhaust) before and after the furnace rebuilding. 
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Figure 12. 	 Comparison of portneck CO, concentration profiles for S-N firing configuration 
(exhaust) before and after the furnace rebuilding. 



--- 

FinalReport, DOE Cooperative Agreement DE-SCO2-95CE41I22 25 

rebuild in two regenerator-tunnel locations are reported at the bottom of the figure with the after-
rebuild measurements. Figure 10reveals significant variation in 0,concentration over the portneck -__ -
height before the rebuild. The oxygen concentration in portneck 3, for example, varied from 0.5% 
at the top to 7.3% at the bottom. This is representative of all portnecks with the exception of port 6. 
Measurementsin the combustion space along the centerline of port 3 prior to the rebuild (Newbold 
et d.,1997) revealed oxygen concentrationsnear the tail of the flame were approximately 0.596, yet 
the concentrationsin the exhaust portneck of port 3 were much higher (0.5-7.3%). The implication 
is that there may have been significantbypass of oxygen-rich flow around the outside of the flame 
jet, which ultimately exited the furnace through the exhaust portneck. After the rebuild, the vertical 
variations in 0,concentrationswere smaller. 

During the tests after the rebuild, a limited number of species concentration measurements were 
made below one of the regenerators in the tunnel leading to the furnace stack. The objective of 
these measurements was to explore the effect of the flow through the regenerators on these 
variables. The measurementsin the tunnel after the rebuild indicate a stratification effect in the 0, 
measurements. Low in the tunnel, the measured value of 8.1% corresponds to the high values 
measured in port 6. High in the tunnel, the low value of 2.3% corresponds to the average values 
measured in portnecks 1through 4. 

- ._--Generally speaking, low O2 concentrations in the effluent were consistent with high CO 
concentrations, as seen in Figure 11 for both before and after the furnace rebuild. Relatively 
modest CO concentrations (<400 ppm) were found in the exhaust flow of ports 1,2, and 6, whereas 
CO concentrations in ports 3,4, and 5 reached 2% before the rebuild. The high concentrations of 
CO in ports 3, 4, and 5 were near the ceiling of the portneck where the corresponding 0, 
concentration is low, indicating incomplete combustion. Measurements after the rebuild showed 
variation in CO concentrations from 10,OOO ppm in port 4 where the 0, concentration was the 
lowest (about 1.5%, Figure 10) and the exhaust temperature was the highest (to be seen later), to 
about 60 ppm in port 6 where the 0, concentration was the highest (9%) and the exhaust 
temperature was the lowest. These measurements show that the flow and mixing upstream in the 
flamejet was a complex three-dimensionalflow field, yielding such dramatic variations in both CO 
and 0,in the exhaust flow. The measurementsmade in the regenerator tunnel also indicate that the 
combustionreactions continued inside the regenerators, resulting in overall complete combustion as 
indicated by the very low CO levels in the tunnel. 

The exhaust concentrations of CO, before and after the rebuild are displayed in Figure 12. With 
the exception of port 6 before the rebuild, the profiles are nearly uniform across the portneck height, 
especially after the rebuild. There was a slight trend of lower CO,concentration near the bottom of 
the portnecks after the rebuild. The port-to-port variations reveal that the highest CO, 
concentrations occurred in the ports near the batch. This would suggest that the CO, generation in 
the glass reaction was more pronounced in the early part of the glass melt (nearest the doghouse). 

With the measurements of 0, and CO,and the plant-measured fuel flowrate at each port, it was 
possible to perform the mass balance for an overall reaction equation, including the CO, generated 
by the glass reaction. This analysis provided an estimate of the total air flowrate as well as the 
stoichiometry in each port and the CO, produced by the glass reaction. Such a reaction for one 
mole of fuel is of the form 
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. fuel + aCO,+/3(O2+3.76N,)-. ~CO,+SH,O+EO,+KN,  
(1) 

..._._. " - -.-. * ..I_^- -.-----
The six coefficients in this equation were determined by solving the mass conservation equations 
for oxygen, nitrogen, carbon, and hydrogen, and the two equations that represent the measured 

average concentrations,on a drybasis, of oxygen and carbon dioxide, as shown below: 


The results before and after rebuild are shown in Table 3. 

Sensitivity of the results to the neglect of CO in Equation (1) was investigated by performing the 

balance for the portneck with the highest average CO concentration (port 3 prior to the rebuild, 

[COIF L. 1%). The inclusion of CO made a difference of less than 1% in the predicted port-by-

port au flowrate. 


The predicted CO, formed in the glass shown in Table 3 before and after the rebuild was within 

15%of the value estimated by Ford personnel (see Table 1). The largest excess air before the 

rebuild was 33.6%;the lowest was 10.9%,compared to 77.1% and 6.3% respectively, after the 

furnace rebuild. The overall stoichiometry was not much different before and after the rebuild -_ 

(22.5% excess air compared to 19.2%). This explains the fact that glass quality was not 
significantlychanged after the rebuild, but it also indicates that the plant was under the impression 
(based on its own measurement of fuel and air flowrates) that it was operating in significantly 
different aidfuelratios before and after, when in reality those values were quite close. The total air 
flowratecalculated by this analysisafter the rebuild was within 9% of the plant-measured value. It 
is difficult to make a similar comparison before the rebuild because of the expected high amounts 
of air leakage. The observed trends in 0,.CO, and CO, concentrations for the portnecks shown in 
Figures IO, 11, and 12 are in qualitative agreement with the individual port stoichiometry analysis 
shown in Table 3. 0, profiles after the rebuild shown in Figure 10, for example, indicate that port 6 
had the largest excess air, and ports 3 and 4 the lowest. This trend is supported by the results 
shown in Table 3. Similar trends are observed for the CO profiles shown in Figure 11 and the 
results of this analysis. The CO, generation in the glass also presents similar trends to the CO, 
profiles measured in the ports as shown in Figure 12. The ports with the largest generation rates 
had the largest CO, concentrationvalues. 

2.2.2 Gas Temperature 
Inlet (N-S firing direction) and exhaust (S-N f i n g  direction) gas temperature measurements by 
port before and after the furnace rebuild are shown in Figure 13. Spatially resolved portneck 
temperaturemeasurements, similar to gas velocity and species measurements being discussed here, 
were not possible because the diameter of the suction pyrometer probe was larger than the vertical 
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Table 3. Combastion analysis based on fhel flow and oxygen and carbon dioxide dry-basis concentrationmeasurements. 

Before Furnace Rebuild 

After Furnace Rebuild 

Fuel co* Air 

,Port1 
(%) 
2.32 

(%) 
16.97 

(kpjhr)' 
494 0.751 2.220 I .769 1.941 0.242 8.415 

Air (%)
12.2 

(kglhr)'
889 

(kg/hr)d
8,190 

,Port2 2.42 15.35 557 0.557 2.227 1.575 1.941 0.248 8.440 12.6 746 9,300 
,Port3 1.68 14.60 590 0.398 2.141 1.416 1.941 0.163 8.118 8.2 563 9,460 
Port4 1.3' 11.17 571 o.Oo0 2.102 1.018 1.941 0.124 7.972 6.3 0 8,950 

.Port5 6.3' 8.2 5 14 O.Oo0 2.796 1.018 1.941 0.817 10.58 41.3 0 10,770 

.Port6 9.0' 6.45 160 O.OO0 3.503 1.018 1.941 1.525 13.24 77.1 0 4,150 
Total 2,886 19.2 2,198 50,820 

[o,ld, [co&y Flow ab Bb v" Sb P Kb Excess Production Flow 
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Figure 13. Comparisonof inlet (N-S fEng configuration) and exhaust (S-N firing configuration) 
gas temperature measurements by port (port 1 is near the batch) before and after the 
furnace rebuilding. 
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portneck access holes. For this reason, inlet and exhaust gas temperature data for each port were 
measured from inspection holes in the regeneratorwall, as was explained previously. 

The average furnace exhaust temperature was somewhat lower before the furnace rebuild (1735 K) 
than after (1758 K). This was due to the increased temperatures in the furnace associated with the 
reduced excess air after the rebuild. Interestingly,the temperature of the inlet preheat air was higher 
before rebuild than after, the profiles showing little variation from port to port. This surprising 
experimentalresult occursbecause of the reduced overall air flowrate (approximately 20%) through 
the furnace. Despite the higher exhaust temperatures, there was actually less recoverable energy 
after the rebuild because of the reduced total mass flowrate. 

The port-by-port furnace exhaust temperature data both before and after the rebuild reflect the 
stoichiometry for each port from the analysis presented in the foregoing sections and are 
summarizedin Table 4. Lowest exhaust temperatures were found in those ports where the excess 
air was the highest, and high temperatures were found where the port firing was more nearly 
stoichiometric. Further, exhaust temperatures for the post-rebuild case in ports 1-4 were higher 
than their pre-rebuild counterparts because the excess air was lower. In ports 5 and 6, where the 
excess air followingthe rebuild was high, the temperatureswere lower than prior to the rebuild. 

2.2.3 Gas Velocity 

Measuredinlet air velocities at all six portnecks before and after the furnace rebuild can be seen in 
Figure 14. It shouldbe emphasized that these measurements were made at a location approximately 
1.7 m from the portneck entrancdexit to the furnace, as seen in Figure 2. With the area change 
along the length of the portneck, these velocities were higher than what was found at the portneck 
entrancdexit to the furnace. The portneck inlet velocities after the furnace rebuild were generally 
similar to those measured before the rebuild. Also,excluding points very near the top wall, inlet 
velocity profiles were flatter after the furnace rebuild, having average values around 10.5 m/s with 
variations from port to port of 214%. Before the rebuild, the average velocity was approximately 
11 ds,with the same variation from port to port as after the rebuild. The highest and lowest 
average velocities measured before the rebuild were 7 m/s in port 4 and 14 m / s  in port 1; similar 
values of these quantities were measured after the rebuild (7.5 ds in port 2 and 13.5 m/s in port 1). 
Note in Figure 1that port 1 is near the batch and port 6 is next to the working end of the furnace. 
These observed trends are due in part to the reduced overall flow in the furnace (see mass balance 
analysis summary of Table 3 )  and the physical condition of the portnecks'before and after the 
rebuild. Figure 15 shows photographs of a typical port before and after the furnace rebuild, 
illustrating the significant buildup and geometry alteration in the portneck over several years of 
normal furnace operation. Previous measurements in the furnace combustion space before rebuild 
(Newbold et d.,1997) indicated that velocities for the flamejet inside the furnace combustion space 
reached levels exceeding 20 ds;there was a significant acceleration of the combustion gases 
through the furnace. 

With the port-by-port inlet air temperature data of Figure 13 to calculate the density, mass flow in 
each port was estimated by integrating the velocity over the portneck area. Since portneck access 
allowed only one velocity profile measurement, the velocity was assumed to be horizontally 
constant, with the vertical variation shown in the profiles of Figure 14, total air flowrates of 80,400 
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Figure 14. 	 Comparison of portneck gas velocity profiles for N-S firing configuration (inlet) 
before and after the furnace rebuilding. 
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Figure 15. Photographs of a typical port (a) before and (b) after the furnacerebuilding. 
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kgihr and 72,900 kg/hr were determined before and after the rebuild. Note that these values are 
considerablyhigher than the estimates made from the mass balance analysis summarized in Table 3 
and are inconsistent with the temperatures observed. This underlines the complex nature of the 
flow in the portneck and suggests lower velocities near the lateral sides of the portnecks. 

23 SurfaceTemperature 

Glass surface tempera& measurements hi industrial‘glass furnaces have not previously been 
reported in the literature. Glass temperature is a critical parameter in furnace design and operation. 
In addition to affecting the rate of heat transfer to the glass, the glass temperatureplays an important 
role in determiningthe quality of the glass being produced. 

Glass surface temperature was measured through the-six access boles in the mwllof the rebuilt,-. 
550 todday, gas-fired flat-glass fumace described previously. Six thermocouple plugs, when 
removed, provided access holes located along the center of the crown apex at axial furnace locations 
coinciding with the transverse centerhes of each of the six ports shown in Figure 1. Transient 
phenomena, which occur during the 20-second reversal period when firing does not take place, were 
investigated. The information obtained includes average temperature of the glass surface at each of 
the six port locations, as well as time-resolvedinformation at five of the port locations, atl measured 
during reversal of the regenerator cycle. 

The input conditions for these measurements are shown in Table 4. The firing rate for the pair of 
burners associated with each port is noted by the two fuel flowrates. The first is for the burner on 
the side of the portneck nearest the batch feeder. The fuel flowrates presented in Table 4 were 
measured during the period when the measurements discussed here were performed. Previously, 
detailed effluent (O,,CO, CO,) concentration measurements were carried out on this fumace, and 
using the measured fuel flowrates and measured exhaust concentrations of 0, and CO, in each 
port, the combustion reaction equation was balanced for each port to solve for the inlet air flowrates 
(McQuay er aL, 2000). The tests reported here were done after those previous tests (McQuay et d, 
2000). and therefore, there were slight differences in the port-by-port fuel flowrates. Therefore, air 
flowrates for each port in the combustion modeling done as part of this study were calculated 
assuming identical port-by-port stoichiometry (% excess air) as in the previous tests (McQuay et 
d.,2000) but for the measured fuel flowratesof these tests. As noted in Table 4, the majority of the 
fuel is distributed in ports 1-5, with a smaller fraction used in the port nearest the working end of 
the furnace (port 6). The fuel and air inlet temperatures were assumed to be the same as before 
(McQuay et d.,2000). Note that combustion air inlet temperatures are nearly uniform across all 
ports at approximately 1400K. 

2.3.I Instrumentation 

Glass surface temperatureswere measured optically using a two-color pyrometer. Figures 16a and 
16b are schematicsof the instrument. The optical detector housing was mounted on a water-cooled 
sight tube. The sight tube was 4.3 cm I.D. and 1.0 m long. Inside the optical detector housing, 
lenses focus the infrared radiation entering the sight tube onto amplified germanium photodiodes. 
The radiation was transmittedthrough interference filters with 30 nm bandwidths centered at 1.27 

~ - __” 
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Table 4. Inlet flowrates and temperatures. 

'Fuel flowrate for each of the two burners per port as reported by the plant 

bAir flowrates estimated using fuel flowrates measured for this study and assuming identical port-by-port 

stoichiometry (Iexcess air). 
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Figure 16. Schematics of the two-color pyrometer instrument used for optical glass surface 
temperatwemeasurements(a), and of the detector detail (b). 
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and 1.60 p. These wavelengths were chosen to avoid the absorption bands of CO, and water 
vapor. The signal amplification system for each channel was constructedwith adjustable gain-to 
permit modification for a iange of high temperaturesand a variety of data acquisitionequipment. 

For the glass temperature measurements, the amplified output from the detector was 1-12 volts. 
Time-averaged readings were obtained using a voltmeter, while both time-averaged and time-
resolvedmeasurementswere recorded using a computer-based data-acquisitionsystem with a 12-bit 
analog-to-digital converter. This system provided a sampling rate of 5000 Hz for temperature 
measurements, enabling a thorough time-resolved investigation of the glass surface temperature 
variation during the 20-second reversal period. Insulated, high-temperature, shielded cables were 
used to transmit the signal directly from the two-color optical assembly on the crown to the data 
acquisition system. 

i _ "  - - - - -_-------I 

-

---f 

The two-color pyrometer was calibrated both with and without the water-cooled sight tube. The 
detector assembly (without sight tube) was factory-calibrated between 900 and 2000 K using a 
smaU reference blackbody. Later, the detector system, with water-cooled sight tube attached, was 
calibrated in the laboratory using a blackbody cavity designed and built for this purpose. The 
blackbody cavity was heated using a small electric laboratory furnace. However, due to limitations 
of the laboratoryfurnace, the sight-tubecalibrationpermitted corroboration of the previous detector 
calibrationonly to a maximumtemperatureof 1400K. To extend the calibration temperature range 
with the attached sight tube, a Type S (Pt-PtlO%Rh) thermocouple was inserted in a blind hole 
drilled into each side of a 6 mm thick aluminum oxide ceramic plate, and an acetylene torch was 
used to heat the rear face while the opticalpyrometer imaged the front face. The ceramic plate was 
heated to approximately 2000 K. The front face temperature was estimated from the measured 
internaltemperature. The sight-tubecalibrationusing the blackbody cavity (up to 1400 K) and the 
ceramic plate heat source (up to 2000 K) enabled the detector assembly to be properly aligned with 
the sight tube, and confirmedthe detector-only calibrationperformed previously up to 2000 K. 

Exploratory measurements with the two-color pyrometer revealed the photodioddamplifier 
components to be dependant on the ambient temperature. Laboratory experiments were performed 
to quantify this dependence. With a given blackbody source temperature, the twocolor pyrometer 
detector assembly temperature was varied using a specially fabricated water jacket through which 
water of known temperature was circulated. The water temperature was varied over the anticipated 
range of the ambient temperature in the experiment. The temperature of the detector assembly was 
measured using a Type K thermocouple. The response of the photodiodes at both wavelengths 
(1.27 and 1.60p)was measuredover the range of controlleddetector temperatures. Interestingly, 
only the detector centered at 1.60 pm was found to have appreciable component temperature-
dependent response. A mathematical relation, which accurately represents the temperature 
dependence of the amplifier sensitivity,was formulated and included in the pyrometer calibration. 
During testing in theglass furnace environment,the detectorassembly was cooled using vortex tube 
coolers with adjustableflowrate in order to minimize the temperature excursions. Additionally, the 
temperatureof the detectorassemblywas measured and documentedfor later use in data reduction. 
A statistical analysis of all calibration data, including the temperature dependence of the detectors, 
revealed an estimateduncertainty in measured surface temperaturesof 230 K. 



--------- 
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The photodiodes in the twocolor pyrometer were designed to output an amplified voltage _ _  

proportional to the emissive power incident on the detector. Using-Wien's- approximation to -

Planck's blackbody function, the heated surface temperature was determined from the ratio of the 

two wavelengths chosen for use, and the ratio of the photodiode voltages (and hence, the emissive 

powers) at thetwo wavelengths: -


Here, I ,  and Z, are the two wavelengthschosen, Vh and V4 are the measured photodiode voltages at 
the two wavelengths,and C, is Planck's secondfundamentalradiation constant with a value of 1.44 
x lo' nm-K. The parameters a and b are calibratioR-Gonstants which-account-for-+the -. 
proportionalitybetween photodiode voltage output and the incident emissive power (a), and ii) the 
ambient temperature sensitivityof the 1.60pm detector (b). Both constants were determined from 
experimentsin the laboratory prior to the glass furnacemeasurements. The expression for Wien's 
approximation included these calibration constants, determined from exhaustive calibration data 
taken over the full range of blackbody and ceramic heat source temperatures (900-2000 K) and 
detector body temperatures (286-318 K). The calibration related the measured voltage from both 
detectorsand the detectorbody temperature to the imaged surfacetemperature. 

There are two physical phenomena that may have affected the accuracy of the surface temperature 
measurements. First, the surfacewas assumedto be gray. In other words, the spectralemissivity of 
the glass surface was assumed to be identical at the two wavelengths. Although the spectral 
emissivityof the gray glassbeing produced during the testingwas not measured, previous work has 
shown that the gray assumption is valid, particularly over such a narrow range of wavelength 
(Gardon, 1961). Second, glass is a semi-transparent medium, with emission possibly originating 
from a Zayer of glass instead of the surface alone. Recently, measurements of the spectral 
absorption coefficient for several different types of glass have been reported (Endrys, 1999; 
Nijnatten et aL, 1999a 1999b). Based on these data it was determined that the spectral optical 
thickness(productof the absorptioncoefficient and the layer physical thickness) for the melt layer 
was approximately 400. Thus, emission from the glass originated from a layer less than one 
centimeterthick Therefore, it was assumed that the temperature measurements reported are those 
of the glass surface. 

Surface temperature measurements with the twocolor pyrometer were taken in each of the six 
crown access holes, with Location 1 being nearest to the batch feed and continuing through 
Location6, nearest to the working end of the furnace. Data were acquiredduring the reversal of the 
fifteen-minute regenerator cycle, when all of the burners were off for approximately 20 seconds. 
This enabled the unobstructed (no flame) measurement of the molten glass surface below. The 
estimated optical view of the twocolor detector at the glass surface was a circular area 
approximately9 cm in diameter. Detailedtime-resolved measurements were obtained for all crown 
access holes, with the exception of Location 2, where only average surface temperature data were 
taken. 
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2.3.2 Physical Phenomena 

Figure 17shows a schematic(plan view) of the glass surface from the furnace batch feeder wall to 
the end of port 6with respect to the generalcharacteristicsof the furnace, such as the location of the 
six portnecksand the batch feeder. This schematic was constructed from video observationsmade 
through the crown access holes and visual observations made through other furnace inspection 
ports locatedin the regenerators (along the centerline of the portnecks) and in the working end of 
the furnace looking toward the batch feeder. The video data delineated the areas of molten glass 
and of batch blanket, and were acquired using a high-resolution video camera with specialized 
filtered lenses attached to a water-cooled sight tube inserted through the crown access holes. The 
video probe apparatusallowedfor a field of view of approximately30degrees,which provided clear 
information in the central region of the tank (2-2.5 m wide at the glass surface), but limited 
observations near the tank edges. Figure 17 also indicates additional information about some 
characteristicsof the glass tank. These include(1)the locationof the bubblers, which were used to 
enhancemixing of the molten glass, and (2) the approximate location of the “spring zone” where 
recirculating molten glass rose from lower,regions of the tank to the surface, causing the glass 
surfacetemperatureto reach maximumvalues in this region of the tank. 

As illustrated in Figure 17, the batch blanket profile shows that the surface boundary between the 
batch blanket and molten glass along the furnace axial centerline was located in the vicinity of 
measurement Location 1, approxbtely 4.3 m from the end wall closest to the batch feeder. The 
schematic also indicates that batch material was nonexistent along the furnace centerline past 
Location 1but extendedalong the sidesof the furnace in the approximateprofile shown, tapering in 
thickness along the furnace side walls until completely melted. This typically occurred in the 
Vicinity of measurement Locations 3 or 4. As expected, the surface boundary between batch and 
molten glass is not completely steady. The location of the batch blanket varied slightly during 
furnaceoperationwith severalfactorsinfluencing its movement. The batch material was introduced 
intermittentlyto the furnacebecause of the operatingcharacteristicsof the batch feeder, causing the 
batch material to exit the feeder and enter the furnace in discreteclumps or “logs.” In addition, the 
molten glass recirculation pattern and batch melting contributed to batch movement at the surface 
near the batch blanket/glass interface. Lateral movement of the batch blanket was also visually 
observed, with the unmelted batch blanket tending to shift cyclically with firing direction. This 
cyclic surfacemotion was observed to be toward the exit port side during firing, returning slightly 
more to the center during reversal, then shifting to the opposite port side as firing began in that 
direction. These factors were identified as contributors to batch blanket movement during furnace 
operation and to the intermittent existence of “batch islands,” discrete smaller sections of batch 
material found near the boundary between the batch blanket and molten glass. The transient nature 
of the boundary between the batch blanket and molten glass was clearly established, although 
quantitative details of the contributing phenomena and specifics of their observed transient effects 
were not thoroughly studied. 

Gases were liberated during melting and chemical reaction that occurred as the raw materials from 
the batch were processed. This was particularly true in the early regions of the fumace where 
melting was most intense. The generation of gases in the melt resulted in bubbles that rose and 
accumulated on the surface as foam. Foam was observed only near the boundary separating the 
batch blanket fromthe batch-free zone downstreamin the melting section. Thus, foam was 
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Figure 17. 	 Schematic (plan view) of the glass surface in the furnace based on information 
obtained from specialized video data and visual observations through furnace 
inspection ports, indicating bubbler location and estimated spring zone position. 
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observed intermittently near measurement Location 1, but all subsequent holes (Locations 2-6) 
where surfacetemperaturemeasurementdata were collectedwere unobstructed by foam. 

2.3.3 Time-AveragedMeasurements 

Glass surfacetemperaturesmeasured at Locations 1-6,averagedover the 20-second reversal period, 
are shown in Figure 18. The lowest average surface temperature measured was at Location 1, 
nearest the batch feeder. The average temperature then increased sharply between Locations 1and 
2, continued to gradually rise to the peak measured temperatures at Locations 4 and 5, and then 
decreasedat Location6,nearest to the furnace workingend. --_- .- .- - - -

Model predictions are also shown in Figure 18. These will be discussed in the Modeling Section 
but are shown here for comparisonwith the experimentaldata. 

~ ” --*-_ -

The trend in the measured average glass surface temperaturesshown in Figure 18 is consistent and 
in good agreement with the model predictions, as well as the video and visual observations 
presented in Figure 17. The low average glass surface temperature measured at Location 1 was 
causedby the fact that this locationwas at the boundary of the cooler batch and the molten glass in 
a region where heat loss from the glass to the batch as well as to the tank walls was large. Both 
molten glass and batch material were viewed and measured intermittently at Location 1. Moving 
away from this region where batch and molten glass coexist, a sharp increase in the average 
measured glass surface temperature was observed along the fumace centerline between 
measurement Locations 1and 2. In addition to the higher radiant heat flux received from the flame, 
Location 2 experienced less heat loss to the end wall and batch material. Approaching the spring 
zone, the measured average glass temperature continued to increase gradually between locations 2 
and 3. The higher measured surface temperature at location 3 was due to (1) the recirculation flow 
pattern which brought hotter molten glass from the spring zone into that region, (2) the increase in 
firing rate and reduction of the overall excess air in the flame, and (3) lower heat loss to the furnace 
end wall and to the batch. 

The highest average glass surface temperatures were at locations 4 and 5, the region of the spring 
zone. Thesepeak temperatureswere due to the recirculation pattern in the glass tank,the minimum 
heat loss from the glass to batch or end walls, and the highest firing rates and lowest excess air 
values. Repeatedmeasurements duringdifferentreversal periods at these locations showed that the 
averagesurface temperature varied less than 76 K at location 4, which was closest to the operating 
bubblers, and less than 20 K at location 5.  

At location 6,the average glass surface temperature was much lower than locations 4 and 5. 
Although there was essentiallyno heat loss to the batch at location 6, there was additional heat loss 
to the cooler working end of the furnace. Location 6 also experienced considerably less heat 
transfer from the combustionproducts than did the other locations, due to the reduced fuel flowrate 
in this port and significantly higher excessair (77%). 

--I 
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Figure 18. 	 Comparison of measured and predicted average glass surface temperature profile along 
the furnace axialcenterline in the glass tank. 
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23.4 Time-ResolvedMeasurements 

Typical measurement traces of glass surface temperature measured during the 20-second reversal 
period when the flame was off are shown in Figure 19. The surface temperatureat location 1 is seen 
to vary between 1440 and 1850 K during one 20-second reversal period. The temperature began 
relatively low (approximately 1600K), and then increased slowly to a high plateau near 1820 K. It 
then dropped drastically over a period of about 8.5 seconds to below 1500 K before increasing 
slowly again to another high plateau of 1840 K for the remainder of the reversal period. This low-
frequency, large-temperaturevariation is consistent with what might be expected if portions of the 
cooler batch blanket traversed the optical view area of the twocolor pyrometer for a short time as 
they shifted position in the glass tank in the region of location 1. This batch motion arises from the 
phenomenon explained previously in the discussion of Figure 17, as well as the reverse velocities 
decelerating at the batch boundary, as shown in Figure 18. The higher temperature plateaus 
observed both before and after the lowest temperature interval were both relatively steady and 
consistentin magnitude with one another, suggesting the measurement of the molten glass surface 
temperature during these periods. The lower temperature intervals of the data trace were consistent 
with the measurement of the surface of cooler, unmelted or partially melted batch that existed as a 
continuous blanket dong the centerline of the tank from the batch feeder to location 1. It is not 
known if the intermittently measured batch surface was due to optically viewing the movement of 
the edge of the continuous batch blanket or moving batch islands that were pulled by molten glass 
currents. It is known, however, that the lower measured surface temperatures at location 1 axe 
consistentwith batch surface temperatures predicted by the model and the visual observations and 
physical phenomena discussed previously. The time-resolved temperature signal measured in hole 
1 was the only one to vary so widely during the reversal period. All other measured locations 
exhibit a more nearly constant surface temperature during reversal, because the surface temperature 
measurements at these locations were of molten glass only with batch material being nonexistent 
along the axial centerline of the furnace downstream of location 1. 

The time-resolved surface temperature measurements obtained at access locations 3-6 indicate 
significantly less variation in molten glass surface temperature than at location 1. Locations 3, 4 
and 5 all had similar profiles, exhibiting a steady gradual surface temperature decline over the 
duration of the reversal period while the flame was not present. The data at these locations, shown 
in Figure 19, thus illustrate the cooling of the molten glass surface during the brief non-firing 
period. Nominally, the surface temperature dropped 50-80 K over the no-flame reversal period. As 
would be expected, the slightly steeper decline in temperature took place when surface temperatures 
were the highest, such as near the beginning of reversal at locations 4 and 5, while the decline was 
more gradual when surface temperatures were lower. 

The time-resolvedtemperature measurementsof the glass surface at location 6, nearest to the glass
tank exit indicated a steady, nearly constant temperature profile that did not exhibit the same 
constant gradual decline as the other locations (3-5). It was noted again that location 6 was unique
in the combustion cycle process, as reduced aidfuel flow occurred at this port location. The 
constancy of the measured surface temperature over time during reversal demonstrated that,at this 
location, the surface temperature of the molten glass was in a state of relative equilibrium, exhibiting 

_.  
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Figure 19. 	 Typical time-resolved surface temperature plots acquired during reversal in locations 
nos. 1,3,4,5 and 6. 
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no significant cooling during reversal. This was reasonable as the transient effects of hring and 
reversal periods were minimized at this port location, and the lower surface temperature in this 
region reduced net radiant heat loss. 

2.4 CrownFlux 

Experimental data from industrial glass furnaces found previously in the open literature were 
discussedearlier. Only one paper reported industrial-scaleincident radiant heat flux measurements 
in the combustion space. The data reported in this instance consist of average wall radiant heat flux 
at the furnace wall (Cassiano et d.,1994). Recently, limited measurements were obtained at the 
crown along one port location (Newbold, 1997), as discussed earlier. No spatially resolved data 
along the axial length of the crown were found. No time-resolved heat flux data have been reported, 
and no measurements have been reported during reversal when the flame is off. --_ - ~ - - -

Heat flux is a criticalparameter in glass melting furnace design and operation. Heat flux plays an 
important role in determining glass quality and the refractory life. The variation of heat flux with 
location, as well as the transient effects due to firing and non-firing periods, must be known. 
Accurate measurements of heat flux are needed for model validation. 

In this study, incident heat flux was measured through the six access holes in the crown of the 
furnace described previously. The information obtained includes both time-averaged and time-
resolved data at all six locations during both reversal and firing modes of the regeneratorcycle. 

2.4.1 Instrumentation 

The rebuilt furnace has been described previously. The input conditions for each port were the 
same as for the glass surface temperature measurements (see Table 4). Incident radiant heat flux 
measurements were performed using a hemispherical ellipsoidalradiometer with a response timeof 
30-60 seconds and a circular foil heat flux gage radiometer capable of higher frequency 
measurements up to 100 Hz. The ellipsoidal radiometer was described earlier and was used to 
obtain time-averaged measurements. 

Both time-averaged and time-resolved incident heat flux data were obtained with the water-cooled, 
circular foil, heat flux gage radiometer, shown in Figure 20. This instrument consisted of a 1.7-m-
long, 19-mm-diameter, brass, water-cooledjacket, encasing an inner signal wire tube with a detector 
head mounted at one end, and cooling water and signal lead connections at the other end. The 
detector head was approximately 45 mm in diameter with a 3-mm-dimeter circular foil heat flux 
sensor located at the center of the detector face. The circular foil gage was also designed with a 
180degreeview to measure total (full IR-spectrum) incident hemispherical radiant heat flux up to 
850 kW/m'. The instrument was calibrated up to 240 kW/m2 with a voltage that was linear in 
relation to the total incident hemispherical heat flux to an accuracy of G%. The manufacturer 
indicated that this calibrationline could be extrapolated up to 850 kW/m'. The gage was designed 
for time-resolved measurements and exhibited non-attenuating response to input fluctuations up to 
a frequency of 100 Hz. 

. 
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Figure 20. 	 Schematic of the circular foil radiometer used for crown incident radiant heat flux 
measurements. 
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Measurements using the circular foil heat flux gage were performed in a manner similar to that 
previously described for the ellipsoidal radiometer. Adequate cooling water flow was fist 
established, and the probe was then inserted through the crown access hole with the detector facing 
the glass surface below. The detector face was inspected between measurements and cleaned when 
necessary. The amplified output was between 0 and 2 volts. These measurements were acquired, 
digitized, and recorded using a computer-based data acquisition system with a 12-bit analog-to-
digital converter, capable of high frequency data collection. Insulated, high-temperature, shielded 
cables were used to transmit the signal from the gage to the data acquisition system. 

Data were obtained in each of the six crown access holes, with location 1 being nearest to the batch 
feeder and continuing through location 6, nearest to the working end. Time-resolved and time-
averaged data were obtained during both firing and reversal cycles at each location. Heat flux 
measurements were acquired with the ellipsoidal probe in all of the-Cn>-wn access holes, except 
location 6. The time-averaged data acquired with the ellipsoidal radiometer were only obtained 
during firing periods because the radiometer response time exceeded the duration of the non-firing 
reversal cycles. Tie-resolved data were obtained using the ellipsoidal radiometer over the entirety 
of several fifteen-minute firing cycles at location 4, with output recorded every 60 seconds, to 
examine lower frequency trends over complete firing cycles. 

2.4.2 Time-Averaged Measurements 

A schematic of the glass surface showing measurement locations was shown previously in Figure 
17. Figure 21 shows a comparison of measured and predicted average incident radiant flux to the 
crown along the axial centerlineof the furnace. The predictions will be discussed in the Modeling 
Section. They are shown here for comparison. Time-averaged data measured with both 
radiometers are shown. 

There is good agreement between the results of the two probes, with differences of less than 12% at 
all locations. The largest differences were in the regions of highest heat flux. The ellipsoidal 
radiometer measurements were lower, consistent with the anticipated tendency of the ellipsoidal 
radiometer to measure somewhat low in the high heat flux range beyond its calibration range. 

The lowest average heat flux values during fxhg periods were at location 1,where the batch blanket 
and end wall were cooler and had lower emissivities than the molten glass. Additionally, fuel 
flowrates at this location were about 12% lower than in ports 2-5 (see Table 4). Hence, radiation 
from the flame was lower in this region as well. 

A sharp increase in the heat flux was observed between locations 1 and 2. Location 2 experienced 
less direct influence on incident radiant heat flux due to the previously discussed lower 
temperaturesand emissivitiesof the cooler batch blanket and end wall, with a greater proportion and 
intensity of radiation received from the molten glass. Firing rates were also higher in port 2 than in 
port 1. In addition, the hemispherical nature of the measurement also included the contributions of 
adjacent ports. 

I 
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Figure 21. 	 Comparison of measured and predicted average crown incident radiant heat flux dong 
the axial centerline of the furnace during firing cycles. 
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The heat flux continued to rise to a maximumat locations 3 and 4. These ports had the lowest 
percentages of excess air (see Table 4), resulting in higher flame and glass surface temperatures and 
the highest levels of heat flux incident on the crown. 

After the spring zone, the heat flux decreased. Although port 5 had a high fuel flowrate, it also had 
a high percentage of excess air (44%). Location 6 had a reduced fuel flowrate with significantly 
higher excess air (see Table 4). These effects, along with closer proximity to the end wall, resulted 
in lower heat flux at these locations. 

2.4.3 Non-Firing Measurements 

Time-averaged heat flux measured during firing cycles and the non-firing reversal periods are 
shown in Figure 22. During the non-firing periods, radiant energy incident_ -- .-- the crown comes 
from the molten glass, batch, furnace walls, and combustion products (principally soot, H,O and 
COJ. The molten glass surface is the principal radiation source during the reversal period. 

Figure 22 shows that the shape of the profile measured during non-fuing was similar to that 
measured during firing. The lowest heat flux was measured at location 1 due to the effects of the 
batch blanket and end wall. The peak crown incident heat flux measured at location 4 during non-
firing was consistent with the estimated location of the spring zone where glass surface temperature 
wasatamaximum. 

As expected the heat flux was higher during firing due to the emissive power of the flame. The 
highest increases due to the flame occurred at locations 3 and 4 where firing conditions were 
nearest to stoichiometric (see Table 4). Location 6 exhibited the lowest increase, due to the lower 
fuel flowrate and high excess air. 

2.4.4 Time-ResolvedMeasurements 

The high-frequency, circular foil heat flux radiometer was used to study the temporal variation in 
crown incident heat flux during firing cycles. Figure 23 shows the standard deviation in measured 
crown incident heat flux during firing. These data were calculated from time-resolved 
measurements acquired continuously over 30-60 seconds. The fluctuations were relatively small 
with a standard deviation of less than 6% of the mean flux at each location. For the most part, the 
variation appears to have been lowest at port locations with near-stoichiometric firing conditions. 
An exception is location 6, which had the highest percentage of excess air. The low variation in flux 
at Location 6 was probably due to the previously noted absence of significant radiation from 
combustion in this port. 

The variation in crown incident heat flux at location 4 during typical firing cycles is shown in 
Figure 24. Although the d%uncertainty in heat flux measured with the hemispherical radiometer 
encompasses the full range of variation in incident heat flux over the 15-minute firing cycle, the 
qualitative trends in both cycles is reflective of all data taken over repeated firing periods. The 
profiles suggest that the crown flux increased during the first few minutes of firing due to increased 
radiant energy from combustion and presumably increased radiation from other surfaces (i.e. glass, 
walls) which were also being heated by the flame. Following this initial increase, the incident flux 
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Figure22. Comparison of time-averaged crown incident radiant heat flux measurements 
acquired during firing and non-firingperiods using the Circular foil radiometer. 
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Figure 23. 	 Average firing cycle variation (standard deviation) of measured crown incident radiant 
heat flux at all crownaccess locations. 
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Figure 24. 	 Cycle variation of measured c rok  incident radiant heat flux measured with the 
eliipsoidalradiometerat Location 4 for both firing directions over an entire firing cycle 
period. 
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ceased to increase and began to gradually decrease for the remainder of the firing cycle. This trend 
was caused by the regenerators. The regeneratorswere heated by the previous firing cycle exhaust 
and then used to preheat inlet combustion air when firing reversed direction, recuperating energy 
and improving the efficiency of the furnace. The observed trend suggests that the combustion air 
was preheated to higher temperatures during the earlier stages of the firing cycle, and as would be 
expected, the regenerators cooled as they transferred heat by convection to the cool inlet air. This 
effect was previously reported (Newbold et al., 1997). Thus, during later stages of the firing cycle, 
less energy was available to preheat entering combustion air, resulting in lower inlet air 
temperatures. As a result, flame temperatures were slightly lowered, resulting in the observed 
decreasein heat flux radiated to the crown. The difference between the highest and lowest crown 
incident heat flux levels measured with the ellipsoidal probe over a single firing cycle at location 4 
was approximately 10-15 kW/m2( 3 4 % ) .  The within-firingcycle variation shown in Figure 24 is 
typical of all locations. The nominal magnitude between high and low heat flux levels during a 
single 15-minute firing cycle at any given location was low-approximately 10-25 kW/m2 (2­
6%)-and within the experimentaluncertainty. 

Although the differences between the N S  and S-N firing data are within the 6%uncertainty of 
the hemispherical radiometer, there is some indication in the data of Figure 24 that the local heat 
flux varied somewhat with firing direction. A review of all data acquired in this study indicated that 
the difference in measured heat flux levels due to firing direction did not follow an established 
pattern (ie.,N-S consistently higher than S-N or visa versa), but rather, the data indicated that 
variation commonly occurred from cycle to cycle at a given location, independent of direction or 
other controlled factors. This type of variation is expected, considering the complexity of the 
furnace, the number of variables, and the accuracy of the instruments. The measured variation 
between firing cycles at a given location was modest, typically only slightly greater than the 
confidence level of the experimental data. The cycle-to-cycle variation did appear to be greatest in 
regions of highest heat flux. 

Typical time-resolved data obtained using the circular foil heat flux gage during non-firing periods 
at several measured locations are shown in Figure 25. The measurements indicate that during the 
short reversal period, the crown incident heat flux at locations2, 3, and 4 generally decreased, while 
the flux levels at locations 1and 6 showed both slight increasesand decreases. 

The magnitude of incident heat flux variations over the reversal period shown in Figure 25 can be 
explained principally by the glass surface temperature behavior. A decrease in glass surface 
temperature of 60-70 K at a glass surface temperature of about 1900 K resulted in an approximate 
drop in crown incident heat flux of the magnitude seen in Figure 25. The variation in crown 
incident flux for location 6 observed in Figure 25 was significantly lower than for the other 
locations, as would be expected if the glass surface below this location exhibited more nearly 
constant temperature. Finally, the incident crown flux at location 1displayed both slight increases 
and decreases over the reversal period, consistent with a slowly shifting meltbatch blankethatch 
islands primary radiation source. Variations in incident radiant flux on the crown during the 
reversal period appear to have been caused primarily by correspondingchanges in the glass surface 
temperature at each location. 
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hother  important objective of this study was to develop a mathematical model of the thermal 
phenomena in a glass furnace. This facet of our work first started with the modeling of the 
combustion process in a single port module, later extending to two adjacent modules and finally a 
full combustion space simulation. Later, in two or three major steps, this modeling work was 
extended to include the entire combustion space coupled with the batch feeding and melting process 
together with the flow in the glass tank. The experimental measurements played a vital role in 
validating these models, providing confidence in their application in existing furnace evaluation and 
new design investigations. This section of the report summarizes all of the main accomplishments 
in the modeling area. Because of the unique availability of the experimental data., several of the 
results presented in this section will be compared to the measured data where applicable. 

Batch melting in glass furnaces is a complex process (Hrma, 1988). Batch is fed into the furnace 
from a doghouse, where it forms a continuous blanket on the surface of the molten glass. As the 
batch melts, the blanket dissolves into a discontinuous pattern of islands called “logs.” Batch 
coverage on the glass surface is an important design and operation parameter because it influences 
the heat transfer, the melting, the velocity patterns of the molten glass, and (consequently) the 
product quality. 

The use of mathematicalmodeling in glass furnace design and analysis is growing in acceptance, as 
shown by several recent reviews (Choudhary, 1997, 2000, Choudhary and Huff, 1997). These 
modeling effortsinclude the combustion space, melt tank circulation, and batch melting. Modeling 
studies of glass furnace combustion and glass flow processes include Cassiano et al. (1994), 
Boerstoel et al. (1994, 1995), Carvalho et al. (1985, 1987, 1988, 1990% 199Ob, 1992, 1995c), 
Ungan and Viskanta (1987), Gosman et al. (1980, 1995), Chen and Goodson (1980), Mase and 
Oda (1980), McConnell and Goodson (1979), Megahed (1978), and NOVA(1980). Batch melting 
models include Fuhrmann (1973), Mase and Oda (1980), Hrma (1982), Carvalho (1983), Viskanta 
and Wu (1983), Ungan and Viskanta (1986), and Wang (1998). These studies have mainly 
focused on simulating the batch melting process separately, without coupling to the combustion 
chamber and the glass. Recently, computer models of the combustion space, melt tank circulation, 
and batch melting have been coupled to form an integrated model capable of predicting the thermal 
phenomena occurring in industrial glass-melting furnaces ( W a g ,  1998; carvalho et aL, 1995, 
1997; Wang et aL, 1998, 1999; Prasad et al., 1999; Hoke, 1999). Unfortunately, these studies have 
been carried out with only limited practical data from industrial furnaces for model evaluation, and 
the accuracy and limits of the models are not well established. 

3.1 Combustion Space 

Thermochemical processes in the combustion chamber and glass tank are coupled through mass 
and heat transfer, Uncoupled simulations of the combustion chamber were performed for a port 
module, assuming symmetry between ports, and for the full furnace. In the uncoupled simulations, 
the temperatureand emissivityof the glass tank surface were provided as boundary conditions, and 
the formation of gas (primarily COJ in the batch reactions was neglected. 
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3.1.1 Port Module Simulations 

A one-port segment of the side-port, 550-ton-per-day, gas-fired, flat-glass furnace described 
previously (see Figure 1) is shown in Figure 26. In the one-port module, symmetry between the 
ports was assumed for simplicity. The dimensions of the furnace and locations of the access holes 
were shown previously in Figure 1. The access holes, numbered from 1 to 6, were located at 1.1, 
2.3,3.4,4.4,5.3 and 7.6 .mfrom the breast wall. 

Two state-of-the-artturbulent combustion codes, PCGC-3 (Hill and Smoot, 1993) and FLUENT 4, 
were used to predict the turbulent, reacting flow field in the one-port segment. PCGC-3 was 
developed as an academic research tool for modeling pulverized coal gasification and combustion 
but is generalizedto include gaseous combustion and non-reacting flows. FLUENT 4 is a widely 
used commercial code that is applicable to a variety of reacting and non-reacting flows. Table 5 
summarizes the main features of both codes. The key difference between the two codes is the grid 
type. The grids are both structured, but FLUENT 4 uses body-fitted coordinates and PCGC-3 uses 
regular, orthogonal coordinates. Hence, FLUENT 4 was able to model the curved and irregular 
surfaces of the crown and portnecks smoothly, while PCGC-3 required stair-stepboundaries. 

Grid independence was determined by performing simulations with an increasing number of cells 
until the solution was not affected. Grid independence in the one-port module was achieved with 
62,100 cells (100 x 23 x 27 grid) in PCGC-3 and with 101,472 cells (151 x 32 x 21 grid) in 
F L U ”  4. The simulations required approximately 30 cpu-hours on an HP 9000/735 
workstation. 

Boundary and inlet conditions are listed in Table 6. Glass surface tempera- and emissivity were 
arbitrarily assumed based on experience. The composition of the fuel was shown previously in 
Table 1. In the FLUENT4 simulations,the O2in the fuel was replaced by CO,. This modification 
increased the equivalence ratio by 0.5% and was necessary because of inherent restrictions in the 
FLUENT 4 code. The fuel-flowrate and burner area were used to determine the inlet velocity, 
which was assumed uniform. Inlet conditions were kept as similar as possible in both codes, but 
some minor variations occurred because of the differentgrids. 

The temperature and flowrate of the ‘inletair were determined from measurements (Newbold et d., 
1997; McQuay et d ,2000). The velocity profile (with the total air flow scaled on a port-by-port 
basis to agree with the plant-measured total air-flowrate) was assumed to vary stepwise vertically 
within the portneck with no horizontal variation. The equivalence ratio determined from the plant-
supplied air and fuel flowrates (0.66 for port 3) was inconsistent (Le., too much combustion air) 
with measurements of 4 i n  the exhaust (McQuay et d.,2000). The sensitivity of the predictions to 
uncertainty in the equivalence ratio was investigated by reducing the air flowrate to a value 
consistent with the exhaust measurements, yielding an equivalence ratio of 0.81. The reduction in 
air flowrate was accomplishedin two separate ways: (1) Reducing the velocity by 17% (“reduced 
air” simulation) and (2) reducing the portneck area (height) by 15% (“reduced height” 
simulation). Considerable buildup occurred inside the portneck over the furnace lifetime (McQuay 
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Table 5. Maj or characteristics of PCGC-3and FLUENT codes. 
I PCGC-3 I FLUENT 4Submodel 

Turbulence 

Gas Combustion 

Radiative Heat Transfer 
Optical Properties 

Solution Algorithm 

Grid 

Equations 

Standard k-E Standard k-& 

Nonlinear k-E RNG 

Mixture Fraction / PDF Mixture Fraction / PDF 

ChemicalEquilibrium ChemicalEquilibrium 

Discrete Ordinates Discrete Transfer 

Spectral-LineWeighted-Sum- Weighted-Sum-of-Gray-Gases 

of-Gray-Gases (SLW) (WSGG) 

TEACH Differencing TEACH Differencing 

SMPLE Family SIMPLEFamily 

Structured,Orthogonal Structure, Non-orthogonal, 


Curvilinear 
Newtonian, Navier-Stokes Newtonian, Navier-Stokes 
Eulerian, finitedifference Eulerian, Finitedifference 
Favre-averaged Favre-averaped 



Final Report, DOE Cooperative Agreement DE-SCO2-9SCE41122 56 

.-

Table 6. Boundary and inlet conditions for the base case mode�. 
Portneck Walls 

Emissivity 
Heat Flux (W/m*) 

Crown and Furnace Walls 
Emissivity 
Temperature (K) 

Glass Surface 
Emissivity 
Temperature (K) 

Air Inlet 
Temperature (K) 
TurbulenceIntensity (%) 
CharacteristicLength (m) 
U-Velocity (mc') 

Fuel Inlet 
Fuel 
Temperature (K) 
TurbulenceIntensity (96) 
CharacteristicLength (m) 
U-Velocity (ds) 
W-Velocity (ds) 

0.6 
0.0 

0.6 
1910 

0.9 

Piecewise linear varying from 1810 in the middle tc 

1760 at the furnace walls 


1391 

10.0 

0.29 

Velocity data measured in Portneck 3 for N-Sburn 


Same as in Table 1 except assume 0, is CO, 
283 
10.0 
0.022 
61.42 
-61.42 



Final Report. DOE CooperativeAgreement DE-SCO2-95CE41122 57 

Port Centerline 4x 
7 Entrance to Exhaust Port

Furnace l n l e y d l ) f  . . 

Inlet Glass Surface& Centerline Between Portnecks 

Fuel Inlet 

Figure 26. Schematic representationof the single portneck model. 
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et aL, 2000), and it is certain that the portneck area was reduced. Based on photographs of a typical 

portneck after the furnace was shut down (just prior to its rebuild), the flow restriction was 

estimatedto be approximately 15%. The reduced air and reduced height simulations investigated 

the sensitivity of the model predictions to variations in stoichiometry(due to air flow uncertainty) 

and portneck geometry (due to buildup). 


Flow Structure 

Figure27 showsmeasuredand predicted transversevelocityprofiles in holes 2.4, and 6. Generally, 

the flow was characterizedas a dominant flame jet spreading over the glass surface, with a large 

recirculation zone near the crown. Both codespredicted velocity profiles that agree reasonably well 

in both magnitudeand shape with the experimental data. The FLUENT 4predictions agreed more 

closely with the measurements. As expected, the reduced air and reduced height parametric 

predictions yielded slightly lower velocities in the core of the flame jet. The uncertainty of the 

experimentaldata was estimatedto be 10%in the flame region and 100%in the recirculation zone 

(Newboldet aL, 1997;Newbold, 1997). 


GasTemperature 

Figure 28 showsmeasured and predicted gas temperatures at the two holes on the firing side of the 

furnace. Temperature measurements at other holes were not available due to experimental 

difficulties (Newbold et aL, 1997; Newbold, 1997). Both codes had large discrepancies with the 

measured values (400-600 K). Significant differences also existed between the predictions of the 

two codes. 


There are several possible explanations for the discrepancies between the measurements and 

predictions. Fmt, the inlet velocity boundary conditions may have been in error. The 

measurementson which the inlet velocitieswere based were made upstream of the actual boundary 
location and along only a single vertical line (see Figure 2). Second, the port-by-port stoichiometry 
values were scaled from overall furnace data based on the integrated flows over the portneck area, 
assumingno horizontal variation. Third, the portneck and crown surfaces were approximated with 
stair-stepboundariesinPCGC-3.Fourth,chemical reactions were assumed to be limited by mixing 
and not by kinetics. This is a state-of-the-art assumption for turbulent combustion modeling that 
was implemented in both codes. Kinetic effects for some reactions, such as conversion of CO to 
CO,, may have been significant. Ffi, the assumed batch coverage, glass and batch surface 
temperatures, and emissivities may have been in error. And sixth, soot radiation was neglected in 
the predictions. TheFLUENT 4 results demonstrate the sensitivity of predicted flame structure to 
portneck geometry and combustion stoichiometry, as evidencedby comparing the reduced air and 
reduced height simulationswith the base case. 

Oxygen Concentration 

Figure 29 shows measured and predicted oxygen concentrations. FLUENT 4 did better at 

predicting the shapeof the measured profile, while PCGC-2 did better at predicting the magnitude. 

Exhaust oxygen was significantly lower for the reduced air and reduced height simulations, 

consistentwith the measurements. 
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Figure 27. Comparisonof measured and predicted u-velocitiesin holes 2,4 and 6. 
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Figure28. 	 Comparison of measured and predicted gas temperatures in holes 1 and 2 for the 
north-southfiring configuration. 
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figure 29. 	 Comparisonof measured and predicted oxygen concentrations (vola dry) in holes 2, 
4 and6. 
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_ _  
Carbon Monoxide Concentration 
Figure 30 shows measured and predictedCO concentrations. The flame core near the glass surface 
is indicatedby the high CO concentrationsfound there. The PCGC-3 predictions are substantially 
lower thanFLUENT4, and exhibita thicker flame. Reducing excess air in the flame (reduced air 
and reduced height simulations)increasedthe flame thickness. The highFLUENT4 predictions in 
the core region are consistent with the experimental data, since the measurements in this region 
exceeded the 40,OOO-ppmlimit of the instnunent (Newboldetd.,1997; Newbold, 1997). 

The average predicted exhaust CO concentration weighted by the mass flowrate was only 1680 
ppm, while the average measured concentration was 8125 ppm. Higher exit CO concentrations 
codd have resulted from i )  incompletemiXing of fuel and oxidizer, ii) insufficienttime for complete 
combustion, and/or iii) fuel-rich combustion. Higher exit CO concentrations also suggest that a 
longer flame occurred in the actual operation than was predicted. The discrepancies between 
measured and predicted CO values may be due in part to the assumption of local instantaneous 
equilibrium. Neglectingkinetic effectscould explain why a more rapid decay of CO was predicted 
than measured. The higherpredicted temperaturesseen in Figure 28, especially downstream in the 
furnace,would also result in a fasterpredicted decay of CO. 

Carbon Dioxide Concentration 
A comparisonof predictedand measured CO, concentrationsfor the two codes is shown in Figure 
31. Again, the predicted trends seem qualitatively correct, but the magnitudes disagree. The 
profilespredictedwithFLUENT4 have more structurenear the glass surface. The predicted values 
were generally lower,probably due to the fact that nearly one-half of the CO, produced in a glass 
furnace may originate from the reactionsin the glass (Newbold et d,1997; McQuay et d.,2000). 
Most of the CO, generated in the melt occurs near the batch feeder (e.g., portnecks 1-3). This 
discrepancy with the experimental data could have occurred because this source of CO, was 
neglected in the predictions. 

Radiative Flux 

Predicted and measured profiles of incident, radiative flux at the crown are shown in Figure 33. 

Given the discrepancies in predicted temperature and CO, concentration, the good agreement may 

seem fortuitous. However, 60-90% of the radiant heat flux incident on the crown originates from 

the glass surface (Hayes et al., 2001). If the glass surface temperature and emissivity are accurate, 

the predicted crown flux will exhibit good agreement with the measured data even when the gas 

temperature and CO, concentration are poorly predicted. The need for .accurate glass surface 

thermal boundary conditionsfor the combustionspace underlines the need to account for coupling 

between the combustionchamberand the glass tank. 


Sensitivity Analysis 

An analysis was performed with the combustion space model to determine the sensitivity of 

predictions to prescribed input conditions. This sectionssummarizesthe results of thisstudy. 


- - ._- _--
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Figure 31. 	 Comparison of measured and predicted CO, concentrations (~01%dry) in holes 2,4 
and 6. 
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Figure 32. Comparison of the predicted and measured incident flux on the crown. 
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Inlet Velocities. Two cases were simulated to investigate the sensitivity of the predictions to inlet 
velocity distribution. In the first case,the velocity was 7.9 m/s at the portneck centerline, with a - - _-
step-increase to 15.9 m/s halfway across the port. Total mass flowrate was kept constant. This 
inlet velocity profile caused the flame to diverge from the port centerline, opposite to the observed 
trend (a converging flame). The exhaust temperature was approximately 30-100 K lower than the 
base case, and the CO leuel was approximately 10,000 ppm lower. In the second case, the inlet 
velocity was 14.9 m/s at the portneck centerline and 6.9 d s  halfway across the portneck, again 
maintaining the same total mass flowrate. This condition forced the flame along the centerline 
further upstream than what was observed in the base case, affecting the near-glass region. 

Inlet Turbulence. Turbulence intensity and characteristic length were varied to investigate the 
sensitivity of the predictionsto the inlet turbulence levels. In the base case,the turbulence intensity 
of both the air and fuel streams was set at 10%. The characteristic length of each inlet stream was 
set at the respective hydraulic radius. The analysis of the inlet turbulence level revealed some 
sensitivity to the turbulenceintensity and characteristiclength of the streams. As expected, the most 
significant effects were observed when the parameters were increased above the base model values. 
Increasing the parameterscaused the flame to diverge from the port centerline. It was further noted 
that the inlet portnecks converged geometrically, which would tend to suppress turbulence at the 
furnace inlets. Decreasing the turbulence intensity and characteristic length from their basetase 
values, in general, had little or no effect on the predicted flow field. 

Adiuburic CrowdWalZs. Changing the crown and furnace wall thermal boundary condition from 
1910 K to adiabatic lowered the crown temperature approximately 70 K and resulted in a 40% 
reduction in crown incident radiative flux. Gas temperatures changed by 40-50 K (higher and 
lower) in different regions of the furnace. 

Wall Emissivity. Increasing the crown emissivity from 0.6 to 0.8 had a negligible effect on the flow 
field and decreased the incident flux on the crown by approximately 3%. The gas temperatures in 
the furnace were 50 K lower at the end of the flame and approximately 100 K higher in the 
recirculation zone. The exit temperatures were an average of 10 K higher. The CO concentrations 
were 30,000ppm lower in the flame regionbut similar to the base case elsewhere. The increase in 
wall emissivity also resulted in less uniformity of radiative flux to the crown. 

Adjucent Port Znreractions. The one-port module neglected interactions between adjacent ports. A 
two-portmodule was created in FLUENT 4 to investigate these effects because each port operates 
at a different flowrate. A grid with 185,150control volumes (115 x 35 x 46) was used. The air and 
fuel flowrates in the two ports differed by 13.5 and 9.396, respectively. The predicted interaction 
between the ports was confined to the tail and shared edge of the adjacent flames and was not seen 
to be a significant factor in predicting the combustion process. The results agreed reasonably well 
with the one-port module predictions. 

Effect of Soot 

The effect of soot radiation was investigated with FLUENT 4. Model parameters were adjusted 

within acceptable ranges so as to produce soot concentrations consistent with experimental values 

for a methane flame. When soot was included, the average exhaust gas temperature decreased and 

the average radiative heat flux to the glass increased. The 15% decrease in average gas temperature 
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had a significant impact on the predicted NO concentration at the exit, which decreased by more 
than 55%. Including soot also improved the heat flux uniformity, defined as ~ 

Heat Flux Uniformity -
S A 9 2  

Values of uniformity greater than 0 reflect increasingly non-uniform heat flux delivered to the glass 
melt. Of course, a value of 0 may not be optimum for glass production. Contours of CO 
concentration at the burner level (not shown) clearly showed a much broader and longer flame for 
the simulation with soot. Results for the simulations with and without soot are summarized in 
Table 7. 

Other information shown in Table 7 is fuel utilization efficiency and combustion efficiency. Fuel 
utilization efficiency is the fraction of the fuel’s heating value that is transferred to the glass melt. 
Combustion efficiency is the percent conversion of carbon in the fuel to CO, and was evaluated by 
the concentrationof CO in the exhaust stream. Higher concentrationsof CO in the exhaust indicate 
lower combustion efficiency. 

Oxygen Lance 
The use of an oxygen lance to reduce NO, formation was investigated using the geometry shown in 
Figure 33. Three cases were investigated (1) 10% of the total furnace oxygen flow was introduced 
as pure 0, in the lance with a global furnace stoichiometry of 119% theoretical 0, (the remaining 
oxygen was introduced in the conventional portneck flow in the form of preheated air with the 
corresponding amount of nitrogen), (2) 10% of the furnace oxygen flow was introduced in the 
lance with a global furnace stoichiometry of 107% theoretical 0,, and (3) 30% of the total furnace 
oxygen flow was introduced in the lance with a global furnace stoichiometry of 119% theoretical 
0,.The oxygen lance velocity was approximately 50 m/s in each case. This velocity was found to 
ensure adequate penetration into the furnace. The oxygen lance was intended to stage the 
combustion by delivering the oxidizer to the fuel stream over the length of the flame, resulting in 
lower flame temperature and reduced contact time between oxygen and nitrogen. 

As shown in Table 7, the lance increased the predicted average exhaust gas temperature (soot 
radiation included) by 7%- Even though the nitrogen in the furnace was reduced, this increase in 
temperaturewas significantenough to increase the NO, formation by more than 95%. With 30% 
0,,however, the results suggest that a greater fraction of the oxygen delivered to the flame later in 
the combustionprocess may offer benefits in terms of reduced NO, formation. Average radiative 
beat flux to the glass also decreased when increasing the overall theoreticalair, indicating a decrease 
in the heat transfer efficiency in the furnace. The effect of the local concentration of oxygen in the 
NO, formation process is also illustrated by the lance calculation at a reduced excess air setting 
(107% TA). In this case, although the exit temperature was about the same for both 10% lance 
cases, the NO, level dropped for the richer case. 

-
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Table 7. Summary of predicted figures of merit for the NO, reduction technologies studied. 

Exhaust Temp. (K) 
ExhaustSpecies: 

co, (%) 
co (ppm) 
0,
NO, (PPm)
NO. (lb/ton) 

Base Case Base Case 10% 0, 10%0, 30% 0, Oxy/Fael Oxymel 
(WISOO t) (no soot) Lance Lance Lance pare 0, 90% OJ 
119%TA 119% TA 119%TA 107%TA 119%TA 105%TO, 10% N, 

105%TO, 
1897 2018 2046 2036 1867 1822 1822 

9.8 9.3 10.4 12.3 12.6 29.7 28.2 
149 415 1070 2235 340 175 220 
3.7 3.8 4.1 0.0 4.7 11.4 8.7 
1823 6247 4255 3466 3835 4583 7300 
10.6' 36.5' 23.8' 16.0' 16.8' 2.5 4.4 

Average Radiative Flux 
124 102 105 115 129 110 107to Glass (kW/m*) 

Fuel Utilization 
40.6 I 42.8 I 46.9 I 52.6 62.0 I 61.2 

~ 

Heat Flux Uniformit 0.4 1 I 0.3 1 I 0.28 I 0.17 0.25 I 0.33 
'Calculated from predictions of local incident radiative flux on the glass according to Equation (5) 
+Calculatedassuming uniform firing rate among six ports 
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Figure 33. Schematic illustr&on of the oxygen lance geometry. 
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3.1.2 Full Furnace Simulations . .  

Airmuel Combustion 

Numerical simulationsof the entire combustion chamber were performed with FLUENT 5. Grid-

independent results were achieved with 184,474 cells with clustering in the flame jet regions along 

the centerline of each portneck. Turbulence intensity for all inlets was assumed to be 10 percent. 

Hydraulic diameter was 0.022 m for all inlet fuel streams. The hydraulic diameter for each of the 

six portnecks (air flow channels)is summarizedin Table 4. 


A convective heat-lossboundary condition was assumed for the walls and crown. Based upon the 
furnace drawings, the combustor walls were assumed to be 0.46 meters thick and portneck walls 
were assumed to be 0.38 meters thick. Combustor walls were assumed to have a thermal 
conductivity of 4.5 W/m-K. The ambient air temperature was assumed to be 300 IC, and the 
externalheat transfer coefficient was assumed to be 2 W/m2-K. The crown was assumed to have 
the same thickness as the combustor walls, but with a thermal conductivity of 2.5 W/m-K. The 
molten glass was assumed to have an emissivity of 0.9 and the solid batch was assumed to have an 
emissivity of 0.6. An HP C360 workstation was used for the model calculation, and converged 
results were obtained after approximately600 iterations. 

The temperature boundary condition for the glass surface is shown in Figure 34. It was read from 
an external file. This boundary condition was based on results from a coupled, three-dimensional 
simulation of the glass tank and batch melting in the same furnace (Hayes et d.,1999). These 
results previously showed good agreement with experimental data along the centerline of the 
furnace (Hayes eral., 1999) and were consistent with the observed location of the batch blanket and 
spring zone. The sensitivity of the predictions to the assumed glass surface temperature boundary 
condition was investigated by performing two additional simulations wherein the boundary 
temperature was arbitrarily decreased by 50 and 100 K. Results for all three simulations were 
shown previously in Figure 21. 

The shapes of the predicted centerline heat flux profiles in Figure 21 are similar to the experimental 
profile. However, the base case predictions are 5-15% higher than measured values except at 
Location 1. Differences between measurements from the two radiometers were greatest in regions 
of highest heat flux (Locations 3 and 4) where the circular foil probe data were closer to the base 
case values. Reducing the glass surface temperahue by 50 K lowered the crown flux by about 10 
percent. Lowering the glass temperatureby 100K decreased the crown flux by about 20 percent. 

Oxy/Fuel Combustion 
Oxy/fuel combustion has been applied to smaller scale (container glass, fiberglass, etc.) furnaces 
with dramatic reductionsin NO, levels, depending on i) air in-leakage, ii) amount of nitrogen in the 
fuel, and iii) oxygen purity. In this numerical study, twoscenarios were investigated 1) 100% pure 
oxygen at 105% theoretical 0, and 2) 90%OJ10%N2 at 105% theoretical 0,. Air in-leakage was 
neglected, and the nitrogen content of the fuel was 6.8%, the same as shown in Table 1. The full-
furnace geometry shown schematicallyin Figure 35 was simulated,assuming symmetry on the 
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Figure 34. 	 Contourplot of the furnace glass surface temperatures used as a boundary condition in 
the base case numerical simulation. 
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Figure 35. Schematic illustration of oxy/fuel-fied full furnace simulation. 
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furnace centerline. Six simple burners were configured to fire in-line with identical burners on the 
opposite wall. Fuel was introduced through a central port in each burner, and the oxygen entered 
through an annular port surrounding the fuel. Exhaust gases exited through a single exhaust port 
on each side of the furnace toward the working end. 

A FLUENT4 grid consisting of only 98,000 cells was used for this preliminary, conceptual study. 
Considerable refinement would have been required to achieve grid-independence, and this would 
have been impractical to attempt with the workstation that was used for these simulations and was 
not justified for this conceptualstudy. 

The effect of burning with 100% oxygen firing versus that of burning with preheated air is 
illustrated by comparing the data shown in Table 7for these two cases. It is important to note that 
the simulation for oxygen firing was that for a full furnace whereas the case for the preheated air 
combustion was a single port module. The NO, generated per ton of glass for a full furnace was 
calculated for the port-module simulation assuming that those conditions prevailed in the entire 
furnace. Although that is certainly not the case and grid resolution is also a concern in the full-
furnace simulations, the comparisons provide interesting, qualitative trends, which have been 
supportedby experimental observationsin furnaces burning with pure oxygen or oxygen-enriched 
air. Also, these calculationsillustratethe effect of nitrogen, which may be present because of air in-
leakage or nitrogen impurity in the oxygen-generation process. 

No significant differences were observed in the average exhaust temperatures. The average 
temperaturewas only slightly lower for the pure oxygen case. The radiative heat flux to the glass 
was also slightly lower for that case, although heat flux uniformity did not change appreciably. 
NO, concentration in the exhaust increased; however, the amount of NO, formed was reduced by 
more than 70%. This is a significant reduction and explains why most glass furnace operators are 
consideringpure-oxygen firing. 

It is clear that such an approach also has challenges. First, the amount of water vapor in the exhaust 
is increased. In general, water acceleratescorrosion. The cost of on-site oxygen generation is also 
Significant,but this factor may be offsetby the fact that regenerators are not needed. As shown by 
the simulations,increasing the nitrogen concentration in the oxidizer significantlyincreasesthe NO, 
generation. 

3.2 Coupled Modeling 

The uncoupled modeling of the combustion chamber described in the previous section required 
specification of the thermal boundary condition (e.g., temperature and emissivity) for the 
batch/glass surface. Of course, batch coverage is not generally known a priori, and glass surface 
temperature distribution is a critical design parameter that one would like to predict for a given 
furnace design and operating conditions. In this section, individual models for the combustion 
chamber, glass tank,and batch melting are coupled together to predict the interface boundary 
condition in an iterative fashion. 
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3.2.I Overall Model Methodology 

Coupled modeling of the combustion chamber and glass tank in a glass furnace has been reported 

previously. Carvabo et al. (199%) conducted the first reported study in which an assumed glass 

surface temperature field was used as a boundary condition for the combustion space, and the 

calculated heat flux was then used as a boundary condition for the glass tank. The calculated glass 

surface temperatures were then reintroduced into the first submodel to start the next iteration. 

Wang (1998), Carvalho et al. (1995~)and Wang er al. (1998b. 2000a) simulated an end-fired, float 

glass furnace, and studied the optimization of furnace construction and operation using a fully 

coupled model. In the previous studies, batch coverage was assumed. The use of a batch-melting 

model to predict batch coverage is describedbelow. 


CombustionChamber Model 

Combustion chamber modeling using the PCGC-3 and FLUENT4 comprehensivecombustion and 

fluid dynamics codes was described in the previous section. In the coupled modeling described in 

this section, FZUENT5 was used. The major difference between FLUENT 4 and FLUENT 5 is 

the computational grid. The FLUENT4 code uses a structured grid with body-fitted coordinates, 

and FLUENT 5 uses an unstructured grid. Unstructured grids are much more flexible for 

modeling complex geometry, and the use of an unstructured grid in FLUENT 5 facilitated modeling 

of the burners, portnecks, and curved surface of the crown. 


The general procedure for modeling the combustion chamber with FLUENT 5 was as follows: An 

unstructured grid for the geometry of interest was first created using GAMBIT, a commercial grid 

generation package. Symmetry was used, where applicable, to reduce the size of the problem. 

Triangular face meshes were used for all faces except the bottom (glass surface) face, where a 

quadrilateralmesh was used to facilitate interfacing with the glass tank model. Thus the grid was 

tetrahedral except for a layer of pyramids on the bottom face. After importing the grid into 

FLUENT 5, smoothing and face swapping were performed until no further improvement in 

skewness was obtained. 


The segregated, implicit solver in FLUENT 5 was used with the k-E model and standard wall 

functions (Launder and Spalding, 1972; Rodi, 1984) for turbulence, second-order upwind 

differencing was used for discretization, and the SIMPLE algorithm was used for pressure-velocity 

coupling (Patankar, 1980). The assumed-shape probability density function (PDF)method (Hill 

and Smoot, 1993)was used for chemistry and turbulence interactions. A beta function represented 

the PDF of the fuel mixture fraction, and transport equations were solved for mixture fraction mean 

and variance. The mixture fraction is the local mass fraction of the mixture that came from the fuel 

stream. Hence, it represents the degree of mixing between fuel and oxidizer. The fuel composition 

was shown in Table 1. The mixture of fuel and oxidizer in the furnace was assumed to be at local 

instantaneous equilibrium (infinite-rate chemistry) with the following fifteen species: CH,, C,H,, 

C,H,, C,H,,, CJHI2,C6H,,, CO, CO,, &,H,O, 0,. N,, H, OH, and 0. Instantaneous and time-

averaged compositionswere pre calculated and tabulated as functions of the mixture fraction and its 

variance so that table lookup could be used during the actual simulations to speed up the 

calculations. 


Radiation was calculated using the discrete ordinatesmethod (Chui and Raithby, 1993; Raithby and 

Chui, 19!30), with the weighted-sum-of-gray-gases (WSGGM) model for the variable absorption 
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coefficient. A two-step model (Tesner et d.,1971; Magnussen and Hjertager, 1976) was used for 

soot generation and oxidation. Transport equations were solved for the nuclei and soot 

concentrations. Thermal and prompt NO concentrationswere calculated using a transport equation 

with kinetic formation and destruction rates, neglecting the effect of these reactions on the velocity 

and temperaturefields (Fluent, 1998;Webb et aZ., 1998). 


Inlet flow conditions for the fuel ports were specifiedwith a mass flowrate and direction cosines for 

the firing angle. Inlet turbulenceconditionswere specifiedwith hydraulic diameter and an assumed 

turbulence intensityof ten percent. Unless otherwise indicated, the emissivity of the furnace walls 

and crown was assumed to be 0.6, and heat loss through the combustor walls and crown was 

calculated assuming an arbitrary wall thickness and ambient heat transfer coefficient which would 

yield a reasonable heat loss rate (e.g., 2000 W/m*) with an ambient temperature of 300 K. The 

thermal boundary condition for the bottom (glass) surface was supplied in an external (profile) file. 

Batch and glass emissivities were assumed to be 0.6 and 0.9, respectively. 


A tutorial for the combustion chamber model illustrating the grid generation in GAMBIT, importing 

into FLUENT5, and the solution, has been written and distributed to model users. 


GlassTank Model 

The glass tank was modeled with FLUENT4, using a structuredgrid, or with FLUENT 5, using an 

unstructured grid. A heat flux boundary condition was required for the top (free) surface, which 

receives heat from the combustion space. This boundary condition was supplied in an external 

(profile) file. 


The main assumptions for the simulation of heat transfer and the convection flows in the glass 

melting model were: (1) the molten glass was assumed to be a homogeneous, incompressible, 

Newtonian viscous fluid; (2) bubbles and chemical reactions were neglected; (3) the flow and heat 

transfer of the molten glass in the tankwere at steady-state; and (4) the radiation heat transfer inside 

the glass melt was treated by using an effective thermal conductivity in the energy equation (Wang, 

1998). The partial differential equations governing mass continuity, transport of momentum, and 

energy were solved. Details can be found elsewhere (Wang, 1998; Carvalho et d.,1995c, 1997a; 

Wang et aZ., 1998b, 1999a2000a,2000b; Hayes et d.,1999). 


The thermal conductivities of the tank bottom and other tank walls were 0.7 and 2.0 W/m-K, 

respectively. The heat loss from the glass surface in the conditioning section was specified 

arbitrarily to be negligible. While heat losses exist in the conditioning section, they exercise only 

minor influence onthe batch melting and hence, a simplified adiabaticcondition was imposed. 

It was initially assumed that the batch coverage area on the glass surface was fixed according to 

experimental observations (McQuay and Webb, 1996)and that the batch-melting rate was uniform. 

Later, a batch-melting model was included in the coupling procedure for predicting the batch 

location. 


The grid was generated in Gambit and impomd into FLUENT 5 which was used as the platform 

for solution of melt flow in the tank. 
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Batch Melting Model 
The conversion of batch into molten glass is a complex process that includes fluid flow, heat and 
mass transfer,chemicalreaction with gas evolution, and phase change. It was assumed in the model 
that the chemical reactions take place at a specified temperature, 1123 K, consuming heat and 
producing gas that escapes from the top surfaceof the batch. It was also assumed that the melting 
mass loss factor (fraction of raw materials evolved as gas) is constant for a given batch 
composition. The melting mass loss factor was assumed to be 20%. The batch was assumed to 
change phase over a temperature range by modeling the temperature dependency of viscosity. 
Above 1473 K, the melting process was assumed to be complete (Hammel, 1986). The glass 
reaction and melting tempkitures are for Na-Ca-Si glasses of the type produced in the float glass 
furnace simulated here. The melted batch provides a mass input to the glass melt zone where the 
magnitude of the mass locally introducedfrom the batch zone to the melt zone depends on the local 
batch-melting rate. The local thickness of the batch is a function of temperature, density, and the 
fraction of unmelted batch. 

The quasi-three-dimensional model, consisting of a series of unconnected, two-dimensional ‘lanes’ 
extending from the doghouse, is shown in Figure 36. Inlet conditions were prescribed for initial 
thickness, velocity, and temperature. 

Batch inlet velocitieswere calculated from the pull rate of the furnace and the variation in batch feed 
along the width of the tank,based on observation. 

The heat flux from the molten glass to the bottom surface of batch blanket, Q,,, was calculatedby 

Here, k is the thermal conductivity, T is the temperature, y is the coordinate direction normal to the 
batcWmelt interface, and the subscripts “g l”  and “b” denote glass and batch quantities, 
respectively. The net heat flux from the combustion space to the top surface of the batch blanket or 
the free surface of glass melt, QJgub,can be calculated by the combustion chamber model as follows: 

In thisequation, Ggubis the incidentradiant energy (irradiation) from the combustion chamber, Jgub 
is the localradiosity (combinedemission and reflection)leaving the molten glass or batch, and 
is the local convective heat flux from the flame to the glasshatch surface. These quantities weze 
predicted as part of the combustionchamber simulation. 
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Figure 36. Schematicillustrationof the batch-melting model. 
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The temperature field, the shape of the batch, the batch coverage area, local thickness, and the 
melting rate were predicted by the batch melting model (Wang, 1998). Batch melting in both cross-
fired and end-fued furnaces can be predicted with the model (Wang, 1998; Carvalho et d.,1995c, 
1997a;Wang et& 1998b, 1999a,2000b;Wang et al., 1999b). 

The set-up and use of the batch-melting model without coupling has been described in a tutorial 
which has been distributed to model users. 

Glass Tank With Batch Melting 

The batch melting and flow and heat transfer in the glass tank were simulated using the glass tank 

model coupled with the batch melting model. The two models communicated with each other in an 

iterative fashion. The tankmodel provided the thermal boundary condition for the bottom surface 

of the batch blanket, and the batch melting model provided the boundary condition for mass 

addition due to melting from the batch blanket to the glass. Additional details regarding the 

coupling procedure are given in the next section and in Wang et al. (1999a). 


Most of the furnace operating conditions have been described previously. The batch consisted of 
65% (by weight) raw materials and 35% culler. The batch inlet temperature was 303 K and the 
initial thickness was 0.2 m. The thermal conductivity of the tank refractory walls and bottom were 
2.0 and 0.7 W/m-K, respectively. The thermal boundary condition for heat transfer from 
combustion chamber is shown in Figure 37. The sensitivity of the results to the imposed heat flux 
was investigated by scaling the incident radiant heat flux profile in Figure 37 by *lo%. The 
computationalgrid was 195,000cells (156 x 50 x 25) for the tankmodel and 264,000 cells (150 x 
44 x 40) for the batch model. Converged results were obtained on an HP 735 workstation after 
approximately 8000 iterations. Two different cases were considered, with and without bubblers. 
Bubblers were used during the period when the experimental measurements were made. The 
bubbler submodel was based on furnace operating data and was incorporated into the simulation 
using a FLUENT4 user subroutine. Details are given in Wang (1998). 

Although significant differences were apparent in the model results with and without bubblers, the 
effect on glass surface temperature along the furnace centerline was small. The effects were much 
more significantin the lower regions of the glass tank near the bubblers. 

The numerical results assumed steady flow and heat transfer and were compared with time-averaged 
experimentaldata. The predictions agreed well with both the trend and magnitudes of the measured 
average surface temperaturesalong the centerline of the fiunace. The difference between predicted 
and measured values was less than 45 K in each instance, with an average difference of less than 20 
K. The largest differences occurred in the regions of highest temperature: Locations 4 and 5. 
Increasing (or reducing) the imposed radiant heat flux profile of Figure 37 by 10% (without 
bubblers) increased (or reduced) the glass surface temperatures approximately40 K. The shape of 
the profile was unaffected. 

The model also predicted twobuoyancy-driven,three-dimensionalrecirculation patterns in the tank. 
One was in the region between the spring zone and the batch feeder, while the other was between 
the working end and the spring zone. Figure 38 shows the predicted velocity vectors on the center 
plane. The magnified view of the predicted melt velocities near the spring zone, between ports 4 

I 
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Figure37. 	 Axial profile of net heat flux on the batcldglass surface imposed as boundary
conditions in the numerical simulations. 
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Figure 38. 	 Velbcity vector plots from the glass tanknumericalmodel with and without bubblers in 
a vertical plane in the tankalong the furnace axial centerline. 
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and 5, is shown. Although the simulationswere performed for the entire glass tank, only the region 
near the spring zone is shown in Figure 38 because of the importance of its effect on the measured 
surface temperatures. The position of these plots with respect to physical characteristics of the 
furnace is also included in this figure for clarity. 

The molten glass between the batch feeder and Location 1 was shielded from radiant combustion 
heat by the blanket of m e l t e d  batch. This, combined with heat loss due to the proximity of the 
cooler batch and furnace walls, contributed to the lowering of the molten glass temperature in the 
region. The cooler molten glass was denser and fell toward the bottom of the tank nearest the 
batch-side tankwall, creating this three-dimensional,recirculation zone. As shown in Figure 38, the 
flow pattern of the molten glass indicates that the higher-density glass near the bottom of the tank 
traveled toward the center of the glass tank,rising to the surface at the location of the spring zone. 
The spring-zone region is characteked by high combustion firing rates, with minimal heat 
absorption by batch material. It was in this general area that the highest glass surface temperatures 
were measured. At the glass surface upstream of the spring zone, glass flowed back toward the 
batch feed area. Downstream of the spring zone, glass flowed toward the furnace working end. 
The recirculation and glass flow patterns are important in understanding the analysis of the glass 
surface temperature data as well as the overall melting process in the furnace. Figure 38 also 
illustrates the effect of the bubblers on the flow in the glass tank, clearly showing the enhancement 
of the mixing process resulting from the presence of the bubblers. 

The complex three-dimensional recirculation pattern in the melt between the batch feeder and the 
spring zone region can also be seen from the glass surface velocity vectors shown in Figure 39. 
The locations of ports 1-5 are also shown for reference. The surface velocity vectors shown for the 
two operating conditions reveal both the predicted spring zone location where the surface flow 
velocities divided in opposite directions, and the predicted surface location of the batch blanket 
where the velocity magnitudes are significantly smaller than those on the molten glass surface. The 
region of large changes in surface velocity magnitudes outlines the predicted boundary between the 
molten glass and batch, where the high reverse surface velocities are rapidly decelerated. The 
location of the spring zone is shown in the figure to be approximately two-thirds of the way down 
the melting section, where the rising melt separatesat the surface in the region between Locations 4 
and 5. The differences in surface velocities between the two cases appear to be relatively minor, 
with the simulation without bubblers exhibiting less variation in surface velocity laterally across the 
furnace for a given axial location. The bubblers result in a more curved surface velocity profile near 
the spring zone, with higher velocities near the furnace axial centerline and lower velocities angled 
away from the centerline in regions closest to the tank sides. 

Glass Tank and Combustion Chamber With Batch Melting 

In a previous section, the combustion space of the furnace was simulated with a full-furnace model. 

This model required,as input, the thermal condition (e.g. temperature and emissivity) of the 

batchlglass surface. In this section, the combustion space and glass tank are simulated in integrated 

fashion. A model for the glass tank is presented and used to predict the thermal boundary 

condition required by the combustion chamber model. The glass tank model requires, as input, the 

heat flux from the combustion chamber. Hence, the two models are coupled, and a coupling 

procedure is described for solving them simultaneously, thus avoiding the need to fm the 
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Figure 39. 	 Surface velocity vector plots from the glass tank numerical model with and without 
bubblers. 
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glasshatch surface heat flux and temperature as boundary conditions. These interface conditions 
are calculated iteratively by the coupling procedure. Results are first presented for an oxy/fuel-fired 
furnace, where batch coverage and melting rate were assumed. Results are then presented for an 
air-fired furnace, in which a batch-melting model, also described in this section, is coupled with the 
combustionchamber and glass tankmodels and used to predict the batch coverage and melting rate. 
The information flow for the coupled modeling procedure is diagrammed in Figure 40, -
Information was transferred in both directions between each pair of models as shown. The 
combustion chamber model provided the heat flux to the batch and glass surfaces. The glass tank 
model provided the glass surface temperatureseen by the combustionchamber and the heat transfer 
rate from the molten glass to the underside of the batch. The batch-melting model provided the 
batch coverage (location)and batch surface temperatures. 

The three models were run simultaneously. The FLUENT 5 processes (combustion chamber and 

glass tank simuhtions) were run on separate, dedicated workstations. The batch-melting model is 

not as computationally expensive as the other two models, and it was typically run on the same 

workstation as the glass tank model. 


Before coupling the models, they were typically run as stand-alone models for a specified number 

of iterations to establish reasonable solutions with assumed boundary conditions. Details of this 

procedure aregiven in the model coupling tutorial, written for potential model users. 


FLUENT5 profile files were used to transfer information between the three models. Very strong 

under-relaxation was used to promote stability. Typical under-relaxation factors were of the order 

of 0.05. 


After coupling the combustion space, batch, and tank submodels, the three models were allowed to 

run simultaneouslyuntilconvergencewas achieved. For the FLUENT processes, convergence was 

monitored by watching the residuals, the energy balance, and key parameters such as exhaust 

temperature and heat flux to the tank (for the combustion chamber), and average glass surface 

temperature and throat (outlet) temperature (for the glass tank). Convergence was achieved when a 

stochastic steady state was reached. 


Air/Fuel Fired 

In this section, a coupled simulation of the combustion chamber, glass tank and batch melting 

process for the air/fuel-fired furnace shown previously in Figure 1 is described. The operating 

conditions of this furnace as well as detailed measurements made through access ports drilled in the 

crown prior to furnace rebuild were described previously (McQuay et d,1996,2000, Newbold d 

al., 1997). Glass surface temperature and incident heat flux on the crown were also reported 

(Hayes, 1999). 


Because of computermemory limitations,only the melting section was simulated in the combustion 

chamber model. The heat transfer to the glass surface in the conditioning section of the combustion 

chamber from neck to outlet was assumed to be negligible. The heat losses through the crown and 

walls were assumed to be 2.6 and 7 kW/m*, respectively. The thermal conductivitiesof the tank 


-
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bottom and other tank refractory walls were assumed to be 0.7 and 2.0 WIm-K, respectively.-.B 
model also included the thermal effects of a water cooler located at the tank neck used for melt 
cooling. 

An unstructured grid consisting of 120,000 cells was 'used in FLUENT 5.0 for the combustion 
chamber model, and a structured grid consisting of 195,000cells was used in FLUENT4.4 for the 
tank model. The batch model used a grid comprised of 194,000 nodes. Converged results were 
obtained after approximately 1000iterations. 

Predicted glass surface temperature is shown in Figure 41. The solid line shown in the figure 
crossing the melt surface is the initial guess for the batch boundary location. 

Glass surface temperature is an essential property in determining glass flow pattern, batch melting, 
glass homogenization, and finiing, al l  of which determine the glass quality. Batch coverage on the 
melt surfacecan be clearly seen from Figure 41 by the relatively low temperature. Furthermore, a 
slight asymmetry in the glass surface temperature due to firing from one side of the furnace to the 
other is also evident. The maximum temperahue occurred approximately two-thirds of the way 
from the batch feeder to the throat, consistent with the estimated location of the spring zone. 

The predicted and measured incident radiant flux profile along the furnace centerline is shown in 
Figure 42. The predicted incident heat flux distribution is a critical furnace design variable. 
Although the shape of the profile is predicted well, including the point of maximum flux, the 
magnitude is over predictea. However, these simulationsdid not include the effects of batch islands 
or foam, both of which would lower the heat flux. 

Two complex, buoyancy-driven, three-dimensionalrecirculation patterns were predicted in the glass 
tank.One was in the region between the batch feeder and the spring zone; the other was between 
the spring zone and working end. Figure 43 shows the predicted velocity vectors on the glass 
surface. The figure clearly illustrates the location of the spring zone where melt rising from the 
bottom of the tank reaches the free surface and splits,flowing in opposite directions back toward 
the batch blanket and toward the working end. This spring zone is located between ports 4 and 5. 
Predicted maximum surface velocitiesoccur near the batch. At this point, the flow falls to the floor 
of the tankdue to the cooling which occurs as energy is supplied from the melt to the underside of 
the batch blanket. Note that the extent of the batch blanket is a minimum near the center of the tank, 
with longer extension along the sides of the furnace. 

Figure 44 shows the predicted profiles of crown and glass surface temperature along the furnace 
centerline. The figurealso includes measured data. The predicted glasshatch surface temperature 
agrees well with the measurements,with maximum deviations of 30-35 K downstream of the batch 
(ports 2-6). Predictions for the crown temperature are consistently low by approximately 100 K. 
The thermocouple holes on the crown were blind holes, and the refractory blocks used a 
thermocouple well that featured a 3cm refractory tip separating the thermocouple bead from the 
combustion space. Crown surface temperature is estimated to be 50-80 K higher than reported 
here. 

.- - -
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Figure 41. Predictedglasssurfacetemperaturedistribution. 
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Figure 42. Predictedand measured incident radiative heat flux on the crown. 
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Figure 43. Predicted glass surface velocity distribution. 
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Figure44. 	 Predicted and measured profiles of glasshatch surface temperature and crown 
temperaturealong the furnace centerline. 
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The predicted and measured exhaust gas compositions are given in Table 8. The data and 
predictions are in good agreement,with the exception of the CO,. Significant CO, is generated in 
the batch melting and fining process, particularly at early ports where more significant melting 
occurs. It is estimated that over 2000 k g h  of CO, is generated in the melting process in this 
furnace (McQuay et aZ., 2000). 

Oxy/Fuel Fired 

Oxy/fuel combustion in a hypotheticalfloat glass furnace is simulated. Oxy/fuel combustion saves 

energy and reduces combustion-generated pollutants. Oxy/fuel combustion has been successfully 

used for small and medium-sized industrial glass-meltingfurnaces. 


The hypotheticalgeometry was based on the previously described air-fired, float glass furnace. The 
six portnecks located on each side of the combustion chamber were replaced by six oxy/fuel 
burners and arranged symmetrically along the furnace length. The burners were 0.415 m above the 
glass surface and spaced at 3.3-mintervals starting at 3.7 m from the doghouse. A 0.68m2 outlet 
opening for exhaustgas was located on each side on the breast wall near the doghouse. The model 
also included the thermal effects of a water cooler located at the tank neck for melt cooling. 

The pull rate of the furnace was the same as the aidfuel furnace. Because oxy/fuel combustion 
does not require regenerators, there was no oxygen preheating, and both oxygen and natural gas 
inlet temperatureswere 300 K. Inlet flowrates for four parametric cases are shown in Table 9. The 
firing distribution among the burners was 17.3, 20.4, 20.8, 15.1, 14.4 and 12.0%of the total on 
each side, starting from the doghouse end. Because there were no regenerators, there were no 
reversals in firing direction, and burners on both sides of the furnace operated continuously. 
Because of computer memory limitations, only the first half of the melting section was simulated in 
the combustion chamber model, and the results were used to provide the thermal boundary 
condition to the first half of the tankmodel. In the second half of the tank model, the heat flux to 
the top surface was assumed to be uniform at 10 kW/m2. Beginning at the neck and continuing to 
the end of furnace, the heat flux was assumed to be negligible. 

External heat loss wasassumed to be 2.5and 3.5kW/m2through the crown and walls, respectively. 
The batch coveragewas specified, based on video observations in the air/fuel-fired furnace (Hayes 
et aZ., 1999). The batch-melting rate was assumed to be uniform. The top and bottom batch surface 
temperatureswere assumed to be piecewise linear varying from 1373 K at the doghouse to 1573 K 
or higher at the edge of the blanket. The thermal conductivities of the tank bottom and other tank 
walls were 0.7 and 2.0 W/m-K, respectively. Conjugate heat transfer in the melt tank walls was 
included in the analysis (Wang, 1998). 

Only half of the combustion chamber was simulated because of symmetry about the centerline. 
The full glass tankwas simulated, however, even though it was symmetrical,because the savings did 
not justify the work that would have been required to modify the coupling procedure to account for 
symmetry. The computationalgrids were 98,301 cells (151 x 21 x 31) for the combustion chamber 
and 195,000cells (156 x 50 x 25) for the glass tank. Converged results were obtained on two HP 
C360workstations after 6000-8000iterations. 
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Port1 Port2 Port3 Port4 Port5 Port6 

0,(vol%) 	 Calculated: 1.8 3.0 2.6 2.2 5.8 8.2 
Measured: 2.3 2.4 1.7 1.3 6.3 9.0 . 

r 

CO,(vol%) 	 Calculated: 10.2 10.2 10.4 10.5 8.6 7.2 
Measured 17.0 15.4 14.6 11.2 8.2 6.5 

Table9. I n l c  	 naturalgas and oxygen flowrates. 
Firin .F F oT NaturalGas 

2363 11094 
1478 5445 6923 
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The predicted gas temperature and turbulent flow profiles for the 100% firng case are shown in 
Figures 45 to 49. Because of the effectivemixing of the natural gas and oxygen around the burner 
orifice, the oxy/fuel flame temperature was 473 K higher than the aidfuel flame temperature 
reported previously (Wang et al., 1998). The near-burner gas velocity was also higher. The flame 
flows over the batcldglass melt surface, which enhances the heat transfer from the flame to the batch 
and melt. In the regenerative, crossfire, aidfuel furnace, high temperature exhaust gas flows out of 
the combustion chamber through the outlet portnecks that are located directly across from the inlet 
portnecks. Therefore, the flame path is shorter in the &-fired furnace, and the energy lost in the 
exhaust gas is higher. In the oxy/fuel furnace, there was one exhaust outlet located at the end of 
each breast wall near the doghouse. Before flowing out of the combustion space through the outlet, 
the exhaust gas traversed a longer distance inside the combustion chamber. The increased 
residence time for combustion gases in the oxy/fuel configuration resulted in increased heat transfer 
to the glass tank, decreasedexhaust temperature, and increased thermal efficiency,as compared with 
the &-!Ired furnace. The experimentally measured average exhaust gas temperature at outlet 
openings in the aidfuel furnace was 1758 K (Newbold et al., 1997). The predicted average exhaust 
temperaturein the oxy/fuel furnace was 1618 K. The composition of the exhaust gas was also very 
different in the two furnaces. The H,O and CO, concentrations were considerably higher in the 
oxy/fuel furnace, as shown below in Table 10. 

In the superstructureof the aidfuel-firedfurnace, there are high gas velocities. High flow velocities 
in close contact with batch give rise to dust in the area between the doghouse and the locations 
where the first major batch melting reactions take place. Alkali dust can volatilize partly or 
completely at the high temperaturein the combustion space. Reactions between the alkali gases and 
the superstructure refractory are detrimental and may lead to refractory erosion and the formation of 
slag that flows into the bath of molten glass, causing defects. As the total fuel and oxygen mass 
flowrates in oxy/fuel combustion than in &/fuel combustion, the gas velocities in the combustion 
space are lower. Figure 46 shows velocity magnitudes through most of the furnace were in the 10 
m/s range, whereas they were 20-25 m/s in the aidfuel furnace (Newbold et d.,1997). It is 
expectedthat lower velocities in the combustion space may contribute to lower refractory corrosion, 
although the corrosion mechanism also depends on NaOH concentration, alkali volatile deposition 
rates, etc. 

The predicted heat flux to the glass and batch surfaces is shown in Figure 47. Total radiation heat 
transfer from the combustion space to the batch blanket and to the glass surface is summarized in 
Tables 11and 12. 

Figure 48 shows the NO, distribution at one horizontal plane through the burner centerline in the 
combustion chamber. Oxy/fuel combustion may reduce furnace pollutant emissions significantly. 
In the four cases simulated here, the furnace NO, emissions are in the range of 1.311 to 2.585 kg 
NOJton glass and the furnace NO, emission for 100% firng is only 1.933 kg NOJton glass (see 
Table 13), which is much lower than the aidfuel case (5.5 kg NO, /ton glass) (Webb et al., 1998). 

Predicted glass surface temperature is shown in Figure 49. The split batch boundary is indicated 
with a solid line. The glass temperature is an essential property in determining the glass flow 
pattern, batch melting, glass homogenization, and fining, all of which determine the glass quality. 
Since there is no flame reversal, the oxy/fuelfurnace is more stable than the aidfuel furnace. 
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Table 10. Predicted mass Dercentaees of exhaust eas at outlet oDenin9s. 
Firing. FjFwn 0,(96) N,(9%) CO, (%) H,O (%) Total 
100% firing 4.0 2 3  52.6 41.1 100.0 

, 116% firing 4.4 2.3 52.4 40.9 100.0 * '  

133% firing 4.2 2.3 52.5 41.0 100.0 
84%firing 4.0 2.3 52.6 41.1 100.0 

Table 11. Predicted average heat flux and total heat transfer from combustion space to 
batch blanket. 

Table 12. Predicted average heat flux and total heat transfer from combustion space to 
glass melt surface. 

Table 13. Predicted exhaust gas variables. 
IFiring, ~p,,I T,,,('c) 1 v, , ,(~/s) II ~ ~ , ( p p m )  TO~ANO, I 

(kdton glass) 
100% firing 1345 5.88 3990 1.933 
116% firing 1368 6.95 4066 2.281 
,133% firing 1388 8.10 4002 2.585 
84% firing 1323 4.83 3307 1.311 
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Figure 45. Predicted gas temperature profile in the combustionchamber (100% firing). 
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Figure 46. Predicted gas velocity profiles in the combustion chamber (100%firing). 
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. Figure 47. 	 Predicted heat flux distributionfromthe combustion space to the surface of batch and 
glass melt (100% firing). 
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Figure48. Predicted NO, distribution in the combustionchamber (100% firing). 
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Figure 49. Predictedtemperature profile on the glass surface (100% firing). 
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Oxy/fuel burners can be rearranged according to the heat flux requirements, resulting in improved 
glass temperatureprofiles and more uniform radiation heat flux. Therefore, the quality of the glass 
melt can be improved. 

Higher flame temperature, increased residence time,and more flexible burner arrangement all help 
increase the thermal efficiencyand reduce pollutant emissions. As shown in Figures 50 to 52 and 
Tables 9 to 12, the theoretical energy savings for the oxy/fuel furnace may be greater than 30% 
(Newbold et ul., 1997). Ofcourse practical limitations, such as incomplete mixing, foam resistance, 
and heat loss, may reduce the savings to 20-2596. 

Figure 50 shows predicted crown temperature profiles along the centerline of the combustion 
chamber. Figures 51 and 52 show the predicted melt surface and bottom temperatures along the 
tank centerline. The crown and melt surface temperatures were lower at the doghouse end because 
the batch is an effectiveheat sink for both the combustion space and the glass melt. The crown and 
melt surface temperatures were highest in the flame zone, where the combustion energy supplied to 
the glass melt is high, and the emissivity of the molten glass is high (0.9 compared with 0.6for the 
batch). 

The sharp dip in melt temperature at the 60-percent-length location in Figure 51 is due to the 
removal of heat to simulatethe water cooler located in the neck zone. The melt temperature changed 
smoothlyin the conditioning zone because there were no burners in thispart of the furnace 

Figures 50-52 indicate that the crown, glass surface, and tank bottom temperatures increased with 
increasing firing rate. Increasing the firing rate did not alter the shape of the predicted profiles. 
However, the extremes in firing rate (from 84% to 133% firing) resulted in increases in crown and 
glass surface temperatures of 100 K or more. The glass bottom temperature exhibited less 
sensitivity to the firing rate than the crown and glass surfacetemperatures. 

3.2.2 Model Enhancements 

Batch Islands 
The boundary between batch and molten glass is not steady and well defined. The batch is 
introducedintermittentlyto the furnace because of the operating characteristics of the batch feeder, 
entering in discrete clumps or “logs.” In addition, the molten glass recirculation pattern and batch 
melting contributeto batch movement at the surface near the batch blanketlglass interface. Lateral 
movement of the batch blanket was also observed, with the blanket shifting cyclically with the firing 
direction. This cyclic surface motion was observed to be toward the exit port side during firing, 
returning slightly more to the center during reversal, then shiftingto the opposite port side as firing 
began in that direction. This movement contributes to the formation of “batch islands,” discrete 
clumps of batch material found near the boundary between the batch blanket and molten glass. The 
transient nature of the boundary between the batch blanket and molten glass has been clearly 
established, although quantitative details of the contributing phenomena and specifics of their 
observed transient effects have not been thoroughly studied. 

-
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In order to account for the effects of batch islands, the batch area was divided into two zones as 
shown in Figure 36. In thebatch blanket zone, the batch was assumed to completely cover the melt 
surface. In the batch island zone, the batch was assumed to cover only a portion of the melt surface. 
The local temperature "seen" as a thermal boundary condition by the crown/combustion space in 
the batch island zone was approximated as an area-weightedaverage of the temperature of the batch 
island and its neighboring melt surfacein a given computationalcek 

Tmrf=f Tbach -k (1 -nT 8 h  (8) 

Here, f is the batch island fraction, and Tbarc,,and Tghr are the local batch and glass surface 
temperatures, respectively. Likewise, the batchhnelt surface emissivity was approximated as an 
area-weightedaverage of that used for the batch and melt surface. The resulting heat flux predicted 
by the combustion chamber model was then proportionately distributed to batch island and melt 
surfaces based on their respective areas. The temperature dependent physical properties of the 
batch and the batch behavior model are described by the same equations in both zones. 

Effect of Soot 

Parametric simulations were performed to investigate the effect of including soot radiation. The 

solution was carried out on twoHp C360 workstations. The combustion chamber model ran on 

one workstation and the glass tank and batch melting models ran on the other workstation. A heat 

flux boundary condition was used for the glass surface in the melting section, and an adiabatic 

condition was assumed for the glass surface in the conditioningsection from the neck to the outlet. 

In the batch island zone, it was assumed that the batch occupies 85% of the melt surface area 

(Wang et aL, 2000b). 


The boundary conditions (glasshatch surface temperature, emissivity, and heat flux) were updated 

every fifteen iterations. An information flow diagram was shown previously in Figure 40. 

Converged results were obtained after approximately 8,000 iterations for the combustion chamber 

model and 10,OOOiterations for the tank model. 


The crown and combustion chamber walls were assumed to have a heat loss of approximately 2 and 

'5 kW/mz, respectively. The tank model also included a specified heat loss at the tank neck to 

simulatethe effects of a water cooler. 


Predicted gas temperature at the fuel inlet plane is shown in Figure 53. The flame region is clearly 

evident. There are recirculation zones at both ends of the combustor, which distort the flames from 

Ports 1. and 6 so that they do not flow directly across the combustion chamber to their respective 

exhaust ports. The penetration of the flames into the combustion chamber is quite good, providing 

for excellent heat transfer to the melt tank. The predicted average exhaust gas temperatures 

compare well to the measurements. The average of the predicted exhaust temperatures for the outlet 

ports was 1764K as compared with 1758K for the average of the measured values (McQuay er d, 

2000). 
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Figure 53. Predicted gas temperature at the fuel inlet plane with soot radiation included. 
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Predicted and measured concentrationsof 0, and C0,in the exhaust gas are given in Tables 14 and 
15, respectively. Predicted oxygen concentrationsare within one percent of the measured values 
with the exception of Port 6where the fuel distribution was unique (see Table 3) and the possibility 
of oxygen bypassing the weak flame in that port was high. Measured carbon dioxide concentration 
exceeded the predicted values at all ports, but especially at Ports 1 and 2, where the batch was 
melting. It is estimated that over 2000 kg/hr of carbon dioxide was generated by batch melting 
reactions (McQuay et d.,2000). This source of CO, was neglected in the combustion chamber 
model. 

The predicted net heat flux from the combustion space to the glasshatch surface is shown in Figure 
54. It is highest in the batch zone, where the surface temperature was lowest. The batch boundary 
is clearly evident. 

Predicted glass surface temperaturewith and without soot is shown in Figure 55. As expected, soot 
enhancedthe radiativeheat flux and acceleratedthe batch melting. The total radiation heat flux with 
soot included was almost identical to that without soot (20,700 kW), but the maximum flame 
temperature with soot was 285 K lower than without soot. Less nitrogen oxide was produced when 
soot was included (13.7 compared with 15.3 kg NO/ton of glass) because of the lower flame 
temperature. Oxygen and carbon dioxide mole fractions were unaffected. 

Predicted and measured incident radiant flux at the crown centerline is shown in Figure 56. The 
predictions agree with the experimental data in terms of both magnitude and shape of the profile. 
Including soot enhanced the radiation heat transfer and improved the agreement with the data, 
especially in the early flame region. 

Figure 57 shows the predicted and measured profiles of crown temperature. Again, there is good 
agreement. Including soot radiation increased the maximum crown temperature by about 40 K. 
Predicted and measured glass surface temperatures are shown in Figure 58. The rapid heating of 
the batch is evident. Again, the profile shape and magnitude were predicted very well, especially 
when soot radiation was included. Predicted batch coverage is shown in Figure 59. The batch 
melted more quickly when soot radiation was included. Since the value of radiation heat flux was 

’ higher on the flame inlet side for the simulation with soot included, the batch melted more quickly 

on thisside (see Figure 59). 


Effect of Batch IslandCoverage 

The sensitivity of the model predictions to the assumed batch coverage in the batch island zone was 

investigated by performing four parametric calculations With the following coverage: 100%, 90%, 

85%, and 80%. The effect of air bubblers was also included. The bubblers were located in a 

transverse line on the tankbottom near port 4. Operation parameters (number of bubblers, flowrate, 

position relative to the tankbottom, orifice diameters, etc) were taken from plant data. The bubbler 

submodel was incorporated into FLUENT 4 using a user subroutine. Details are given by Wang 

(1998). 
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Table 14. Predicted and measured oxygen concentration. 

Table 15. Predicted and measured carbondioxide concentration. 
Average CO, % (Mole Fraction) 

Outlet Ports Measured Calculated 

15.4 8.7 
I 3 I 10.4 I 8.8 I 
I 4 10.5 I 8.7 I 

5 I 8.6 7.2 

I 6 I 7.2 I 6.6 1 
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Figure 54. Predictednet flux to the glasshatch surface with soot radiation included. 
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Figure 55. Predicted glass surface temperatures: (a) without soot (b) with soot. 
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Figure 56. Predicted and measured crown incident radiation flux along the furnace centerhe. 
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Figure 57. Predicted and measured crown temperature. 
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Figure58. 	 Predicted and measured glass and batch surface temperature along the furnace 
centerfine. 
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Figure 59. Predicted batch coverage. 
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Figure 60 illustrates the predicted total batch coverage. As the batch fraction decreased, the total 
batch blanket coverage increased. Melting on the firing side (top of figure) was accelerated due to 
exposure to the highest flame temperatures, producing asymmetry in the batch boundary about the 
furnacecenterline. The asymmetry increased with decreasingbatch fraction in the island zone. The 
differencein batch length at the furnace sides was approximately 1m for 80 percent coverage in the 
island zone. It is also noted that the predicted total batch coverage varied by as much as 80% for 
the two imposed batch fraction extremes studied. The increased batch coverage (with associated 
relatively cooler temperatures seen by the flame) at low batch fractions resulted in considerably 
higher total heat transfer from the flame to the batcwmelt. 

The predicted gas temperature distribution at the fuel inlet plane for 85% coverage in the island 
zone is shown in Figure 61. Penetration of the flames into the combustion chamber provides 
effectiveheat transfer from the flame to the batch and melt. Ports 1 and 6 exhibited reduced flame 
temperatures because of the proximity to the batch feeder and significantly reduced firing rate, 
respectively. The peak gas temperature was observed to be near port 4 at approximately 2300 K. 

The calculatednet heat flux from the combustion space to the glass melt or batch surfaces for 85% 
coverage in the batch island zone is shown in Figure 62. Negative values of the net heat flux 
indicate net heat transfer to the glass melt and batch. Figure 63 shows the corresponding predicted 
glass melt and batch surface temperaturedistributions. The predicted heat transfer to the batcwmelt 
was highest in the batch zone where the surface temperature is the lowest. As expected, the 
predicted surface temperature was lowest in the batch melting area and highest at the free surface of 
the melt, downstreamof the batch area. Maintaining the glass temperature high in the melting zone 
of the tank is important for efficient batch melting, proper melt flow pattern (e.g., a distinct spring 
zone), glass homogenization, and fining (degassing of the melt). As there is no heating source in 
the conditioning zone, the melt temperature decreases slightly as the glass flows out of the melter 
due to heat losses through the tank bottom and sidewalls. 

A comparison of predicted and measured glass surface temperatures along the furnace centerline is 
shown in Figure 64. The heating of the batch is clearly evident by the rapid rise in batch surface 
temperature early in the furnace (0-5 meters from the doghouse). The batch melted more quickly 
for high batch fraction. As suggested by the temperature profiles of Figure 64 and confirmed by 
the melt surface velocity predictions (not shown), the melt hot spot (spring zone) moved slightly 
toward the working end as the batch fraction decreased. While the predicted glass surface 
temperature profiles for 85, 90,and 100% batch fraction are quite close in magnitude, the 80% 
batch fraction simulation exhibited considerablylower surface temperatures for the same fuel input.
This sensitivity to the imposed batch coverage fraction in the batch island zone will be observed 
subsequently for other predicted quantities discussed hereafter. Neglecting the measurement in the 
region of rapid heating near the batch feeder, the predicted glass surface temperature for 85% 
coveragein the batch island zone agrees with-themeasured values to within 40 K. 

Average furnace exhaust temperature predictions are shown in the inset panel of Figure 64. The 
average exhaust temperature is the mass flow-weighted average of the furnace gas outlet 
temperatures over all exhaust ports. Higher heat transfer from the flame to the expanded batch 
coverage, which resulted when the batch coverage in the island zone was decreased, yielded reduced 
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Figure 60. Predicted batch boundary location for different batch coverage fractions in the batch 
island zone. 
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Figure 61. 	 Predicted gas temperature distribution in the combustion space at the fuel inlet 
horizontal plane (85% batch coverage in the batch island zone). 
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Figure 62. 	 Predicted heat flux distribution from the combustion space to the batch and glass melt 
surfaces (85%batch coverage in the batch island zone). 
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Figure 63. 	 Predicted glasshatchsurface temperature distribution (85%batch coveragein the batch 
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Figure 64. 	 A comparison of predicted and measured glass surface temperatures along the furnace 
centerline for different batch coverage fractions in the batch island zone ( 0-
experimentaldata, curve 1 -80%batch fraction, curve 2 - 85% batch fraction, curve 3 
- 90%batch fraction,and curve 4 - 100% batch fraction). Inset panel: Predicted 
average furnace exhaust temperature as a function of batch coverage fraction in the 
batch islandzone. 
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furnace exhaust temperatures. The average predicted exhaust gas temperaturesfor all six ports was 
1764K for 85% coverage as compared with the measured value of 1758K (McQuay et al., 2000). 

The model predicted two complex, buoyancy-driven, three-dimensional recirculation flow patterns 
in the glass tank.One was in the region between the batch feeder and the spring zone, and the other 
was locatedbetween the spring zone and the working end. Figure 65 shows the predicted velocity 
vectors on the glass surface for 85% coverage. The figure clearly illustrates the location of the 
spring zone where melt rising from the bottom of the tank reaches the free surface and bifurcates, 
flowing in opposite directions towards the batch feeder and the neck. Predicted maximum surface 
velocities reaching 7 mm/s occurred near the batch. The predicted melt velocity was large also at the 
neck zone of the tank The asymmetry (about furnace axial centerlime)in the predicted melt surface 
flow structure was a result of the imposed furnace firingconfiguration in the model (firing direction 
was from bottom to top in Figure 65). Also of note in the vector plot is the absence of surface 
backflow that often exists along the sidewalls between the refining section and the melter. It is 
critical that a full furnace simulation include both melting and refining sections in order to predict 
recirculationand its impact on glass quality. 

The predicted and measured crown incident radiant flux profile along the furnace centerline is 
compared with experimental measurements in Figure 66. The experimental uncertainty in the 
measurementsis *15% (Hayes et al., 2001). Generally speaking, the incident flux increased from 
the batch feeder to a maximum at a location 13 m from the doghouse, then decreased towards the 
refiner. The prediction for 85% batch coveragein the island zone agrees well with the experimental 
data in both profile shape and magnitude until approximately 15meters downstream from the batch 
feeder. The location of peak heat flux was predicted well by the model. As the batch fraction 
increased, the incident radiant flux on the crown increased due to the higher melt surface 
temperatures. The predicted incident flux appears to be quite sensitive to the assumed batch 
fraction, particularly at low values (ie.,  80% batch). 

The predicted total heat transfer to the glass melt and batch surfaces as a function of batch island 
fraction is illustrated in the inset panel of Figure 66. As seen in the panel, the total transport 
.decreasedas the batch fraction increased. The differences are quite dramatic, with a 20% decrease 
in total heat transfer between 80% coverage and 100% coverage in the island zone. Greater low-
temperature batch coverage on the melt surface resulted in increased total heat extracted from the 
flame and crown. 

Figure 67 shows the predicted profiles of crown temperature along the furnace centerline. 
Measurements of crown temperature from plant furnace control measurements are also included in 
the figure. Not surprisingly, the location of predicted peak calculated crown temperature coincides 
with the location of maximum incident crown flux seen in Figure 66. The calculated crown 
temperature is only slightly lower than the glass surface temperature at the same location. Higher 
imposed batch fractionsresulted in higher crown temperatures. Again, 85% coverage in the island 
zone comparesmost favorablywith the experimentaldata. 
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Figure 65. 	 Predicted velocity vectors on the glass surface (85%batch coverage in the batch island 
zone). 
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Figure 66. 	 A comparison of predicted and measured crown incident radiation fluxes along the 
furnace centerline for different batch coverage fractions in the batch island zone (0 ­
experimentaldata,curve 1-80%batch fraction, curve 2 - 85% batch fraction, curve 3 
-90%batch fraction, and curve 4 - 100%batch fraction). Inset panel: Predicted total 
heat transfer to batch and melt as a function of batch coverage fraction in the batch 
island zone. 
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Figure67. 	 A comparison of predicted and measured crown temperatures along the furnace 
centerhe for different batch coverage fractions in the batch island zone ( 0 -
experimental data, curve 1 -80%batch fraction, curve 2 - 85% batch fraction, curve 3 
-90%batch fraction, and curve 4 - 100%batch fraction). 
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4. TECHNOLOGYTRANSFER 

4.1 Ford Float GlassFurnaces 
The majority of thisreport outlines the project effort targeting model development and validation for 
Ford Motor Company’s GlassDivision. These furnaces were regenerative, aidfuel-fired float glass 
furnaces. As has been outlined, the model was used to explore the possibility of changeover to 
oxygedfuel firing. Further, the model was used by Ford to explore the impact of incremental 
design changes in the TulsaNo. 1furnace prior to its rebuild. Several of these changes were made, 
improving air flow in the portnecks and combustion space. Modeling for these design changes has 
been summarized in foregoing sections. 

4.2 Fiberglass Unit Melter Furnace 
The coupled model developed as part of this study was extrapolated to the fiberglass unit melter 
modeling environment. This presented a significant extension to the modeling work which had 
been done previously, as it included bubblers and significant electrical boosting. The furnace, 
shown schematicallyin Figure 68, is a 177 todday oxygen-fuel fired furnace. The furnace features 
six burners on each breast wall, arranged in a staggered configuration. The furnace exhaust is 
located on the doghouse wall. A dual doghouse configuration feeds raw materials onto the melt 
surface. Significantelectrical boosting is used to enhance motion of the molten glass and provide 
energy for batch melting. Bubbling was used to further enhance the mixing in a desired fashion. 
The molten glass exits the melt tank through a submerged throat to a conditioning channel before 
being distributionto a series of platinum bushings. The presence of the electrodes in the melt tank 
adds considerable geometric complexity to the furnace. Further, the boosting adds greater difficulty 
in achieving the coupling between tankand combustion space. 

The fiberglass unit melter model extension has been used by the licensee to explore different 
bubbler locations, different electrode configurations and total power input, as well as unique tank 
designs. While the results of these design explorations are proprietary, they nevertheless underline 
the model’s utility in investigating possible design changes. 

4 3  Container Glass Furnace 
A second extension has been made to the coupled model was a side-charging container glass 
furnace. The melt tank and combustion space are illustrated schematically in Figure 69. This 
configuration was developed for Tokyo Gas Company, a supplier of liquefied natural gas to glass 
manufacturers in Japan. This furnace is a 95 todday &/fuel fired furnace with significant cullet 
content. The furnace is under-fired and is non-regenerative. Air is mixed with natural gas in the 
inlet, follows a horseshoe path and exits through the exhaust duct located on the same furnace wall 
as the furnaceinlet. The raw matenaldculletis introduced through the doghouse on the side wall of 
the furnace. The batch wall was modified to allow side-charging as shown in Figure 70. The batch 
is fed into the furnace from the doghouse that is located at the side wall of the furnace. In the batch 
model, it was assumed that the batch flow from the doghouse to the opposite side wall, then changes 
flow direction and flows to the front wall. The batch is fed into the furnace from the start point of 
the side wall to the end point of the doghouse (see Figure 69). 
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Figure 68. Schematicof fiberglassUnitmelter furnace modeled. 
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Figure 69. Schematicof side-chargingcontainerglass furnace modeled. 
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Figure 70. 	 Illustration of batch feed model modification made for sidecharging container glass 
furnace coupledmodel. 
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The side-charging batch modification represented a significant enhancement to the model’s 
capability. The coupled model has been used by the licensee to explore oxy-natural gas 
combustion technology (Fujisaki et d.,2001), and development of high radiative, low-NO, oxy­
natural gas burner designs for glass melting furnaces (Hashimoto et al., 2001). 

5. CONCLUSIONS 

The experimental data reported in this study are unique. For the first time,profile measurements in 
the combustion space of an operating furnace have been reported. For the first time,the effect of 
rebuild on furnace performance has been investigated. And for the first time, glass surface 
temperatureand crownheat flux have been measured. 

The measured concentrations of 0,, CO, and CO, in the exhaust indicate incomplete combustion. 
Concentrations of CO, were significantly higher than predicted from chemical equilibrium of the 
fuel and oxidizerbecause of CO, generationby the batch melting reactions. 

Steady state was established almost immediately after firing direction reversal. Only CO 
concentration required 4-5 minutes into the burn cycle to stabilize. The two firing directions 
showed good symmetry for velocities, crown heat flux, and CO,. 0, and CO showed relatively 
large deviations from symmetry. 

Simulationsof the combustion chamber based on furnace blueprint and plant operating values for 
fuel and air flowrates suggested that there was considerableerror in the plant-measured air flowrate. 
Without furnace effluent measurements, the modeler must rely on data provided by the plant 
operators. Accurate boundary conditions (inlet air and fuel flow distribution, boundary surface 
temperatures,etc.) arecritical in simulating industrialcombustion systems. 

The inclusion of soot radiation in the model increased the predicted heat loss and caused the 
predicted average exhaust gas temperature to decrease. The average NO, concentration at the exit 
was also affected and decreased significantly. Soot radiation is significant in glass furnace 
modeling and shouldbe included. 

Modeling provides a cost-effectivetool for investigating new pollutant reduction strategies. Use of 
an oxygen lance (intended to reduce NO, by combustion staging) increased the NO, formation by 
almost 100%through increasing the gas temperature: Using pure oxygen instead of preheated air 
reduced the total NO, formation but increased the exit concentration because of the lower flowrate 
that came from removing nitrogen from the air. 

Rebuilding the furnace made the exhaust species concentration profiles in the portnecks more 
uniform and lowered the required fuel flowrate significantly. 

Predicted glass surface temperature agreed well with the experimentaldata, including the location of 
the spring zone. The predicted crown incident radiant heat flux during firing cycles qualitatively 
showed similar trends as the experimentalresults but was over predicted by 5-1596. 
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